All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Since antiquity cannabinoids have been used as a treatment for insomnia \[[@pone.0152473.ref001]\], and the first reports in western medical literature regarding the therapeutic utility and physiological effects of cannabis preparations note their hypnogenic properties \[[@pone.0152473.ref002]--[@pone.0152473.ref005]\]. Additionally, this effect appears to be conserved across mammalian species \[[@pone.0152473.ref006]--[@pone.0152473.ref011]\]. Given the long standing recognition of cannabinoids as sleep promoting substances, it is surprising that relatively few studies have examined the role of the endogenous cannabinoid (endocannabinoid; eCB) system in regulating vigilance states.

Cannabinoids produce the majority of their central effects by activating the cannabinoid 1 receptor (CB1), and activation of this G-protein-coupled receptor (GPCR) reduces neurotransmitter release at many synapses \[[@pone.0152473.ref012]\]. CB1 is a central molecular component of the eCB system, an increasingly well characterized, lipid-based neuromodulatory system. The predominant transmitters for the eCB system are *N*-arachidonyl ethanolamide (anandamide; AEA) and 2-archidonylglycerol (2-AG). These molecules are released during periods of neuronal activity, and their inactivation occurs largely via distinct hydrolytic pathways. AEA is primarily inactivated via fatty acid amide hydrolase (FAAH), and 2-AG signaling is terminated by monoacyglycerol lipase (MAGL). Of the relatively few studies that have been performed, administration of exogenous AEA consistently increases rapid eye movement (REM) sleep and non-REM (NREM) sleep \[[@pone.0152473.ref013]--[@pone.0152473.ref016]\]. However, conflicting results arise from attempts to increase endogenous AEA levels. Some studies indicate that FAAH inhibition promotes wake \[[@pone.0152473.ref017], [@pone.0152473.ref018]\], but other reports show that blocking the AEA membrane transporter facilitates NREM sleep \[[@pone.0152473.ref019], [@pone.0152473.ref020]\]. Additionally, mice with a constitutive knockout of FAAH have increased NREM sleep time and reduced wake \[[@pone.0152473.ref021]\]. The effects of MAGL inhibition on sleep have not been examined.

While cannabinoids have been used by humans for many years to increase sleep, patients in clinical trials for the CB1 antagonist/inverse agonist, rimonabant, commonly reported sleep disturbances \[[@pone.0152473.ref022], [@pone.0152473.ref023]\]. In support of a sleep promoting role of eCB signaling, several studies have found fragmented sleep in CB1-null mutant mice \[[@pone.0152473.ref024], [@pone.0152473.ref025]\]. However, studies with constitutive knockout mice are always subject to confounds arising from developmental adaptations, and this has been confirmed for the CB1 knockout mice used in these studies \[[@pone.0152473.ref026], [@pone.0152473.ref027]\]. On the other hand, studies with CB1 antagonists in rodents have had conflicting results with some reporting a weak reduction in NREM sleep \[[@pone.0152473.ref015], [@pone.0152473.ref019], [@pone.0152473.ref028]--[@pone.0152473.ref030]\] and others finding no effects on sleep \[[@pone.0152473.ref013], [@pone.0152473.ref031], [@pone.0152473.ref032]\]. Of note, all of these studies were performed over short time windows (\< 8 Hr recordings), and eCB levels are known to fluctuate over the circadian cycle \[[@pone.0152473.ref033], [@pone.0152473.ref034]\]. Thus, differences in the time of day these experiments were performed could explain some of this discrepancy.

As there is a poor consensus regarding the effects of eCB signaling on sleep, we performed a series of experiments comprising over 11,000 Hr of polysomnographic recordings in mice following a variety of pharmacological manipulations probing different aspects of the eCB system. To more fully account for the time course of effects, sleep measures were assessed over a 23.5 Hr period following all manipulations. To analyze this large volume of data, we developed and validated a novel automated state-scoring algorithm. In addition to a description of sleep, we also report results from power spectral analyses of electroencephalographic (EEG) recordings. Finally, we directly tested whether eCB signaling is necessary for homeostatic regulation of sleep by blocking CB1 signaling during recovery from total sleep deprivation (TSD). Our findings indicate that eCB signaling is both necessary and sufficient to promote long (stable) bouts of NREM sleep, but eCBs are not necessary for sleep homeostasis. These findings constitute a thorough characterization of eCB modulation of vigilance states that should provide a platform for future studies examining the physiological mechanisms of eCB regulation of sleep.

Methods {#sec002}
=======

Ethics Statement {#sec003}
----------------

This research involved the use of vertebrate animals (mice), including survival surgical procedures to implant electrodes. All methods were approved by the Institutional Animal Care and Use Committee of the National Institute on Alcohol Abuse and Alcoholism (protocol \#: LIN-DL-22) and hewed to guidelines specified in the Guide to the Care and Use of Laboratory Animals \[[@pone.0152473.ref035]\]. Survival surgeries were performed under isoflurane anesthesia, and ketoprofen (5 mg/kg i.p.) analgesic solution was administered immediately after surgery and every 24 hr for the next two days.

Subjects {#sec004}
--------

Male C57BL/6J mice (103, 8--10 week olds) were obtained from the Jackson Laboratory (Bar Harbor, ME), and initially group housed, 2--4 mice per cage. Mice weighed 25--30 g at the beginning of the study, and body weight did not change substantially over the course of experiments. Following surgery, subjects were single housed for the remainder of the study. At all times, subjects were provided with *ad libitum* food and water. The colony and sleep recording environment were maintained on a 12 hr light:dark cycle with the light photoperiod (LP) starting at 06:30 and the dark photoperiod (DP) beginning at 18:30. For the experiment where JZL 184 was administered prior to the LP, mice were housed in reverse cycle conditions with lights turning on at 18:30 and off at 06:30 for 2 weeks prior to recordings and throughout the recording period. Time of day is expressed throughout this manuscript relative to the light zeitgeber (ZT) with ZT 00:00 coinciding with beginning of LP and ZT 12:00 coinciding with the beginning of the DP. The colony and recording environment were maintained at 22.2°C and 50% humidity.

Surgical Implantation of Electrodes {#sec005}
-----------------------------------

Prior to surgery, custom implants were prepared. One end of three single-stranded, Teflon coated stainless steel wires (\#791500, A-M Systems, Sequim, WA) was soldered to individual gold-plated sockets (E363/0, PlasticsOne, Roanoke, VA). These three gold sockets and the socket attached to a stainless steel suture pad (E363T/2, PlasticsOne) were arranged in a plastic 6 channel connector (MS363, PlasticsOne) and secured with non-conductive epoxy. During surgery, two of the stainless steel wires emerging from the implant were wrapped, separately, around the frontal electrodes to provide two EEG channels. The ground electrodes were shorted together with the remaining wire. To ensure electrical connectivity with the EEG and ground electrodes a small amount of electrically conductive glue (Bare Paint, Bare Conductive Ltd., London, UK) was applied at the junction between wires and the stainless steel screws.

Stereotaxic surgery was performed to implant subjects with EEG/EMG electrodes. EEG electrodes consisting of stainless steel screws (Small Parts\# AMS90/1P-25, Amazon Supply, Seattle, WA) were implanted supradurally through the skull. Two electrodes were implanted over frontal cortex (B: RC +2.64, ML ± 1.38) and referenced to two, connected ground electrodes implanted over occipital cortex (B: RC---2.5, ML ± 2). The EMG electrode (metal suture pad, PlasticsOne, Roanoke, VA) was implanted underneath the nuchal muscle. A head cap was formed with standard, cold-cure dental acrylic, and subjects were allowed to recuperate for two weeks in their home cages.

Sleep Recordings {#sec006}
----------------

Following recuperation from surgery, subjects were lightly anesthetized with isoflurane and connected to a non-motorized commutator (SL6C/SB, Plastics One) via an electrical tether. Subjects were placed into a recording home cage fabricated from a 4 liter, clear polycarbonate bucket (Cambro RFSCW4135, Webstaurant Store, Lancaster, PA). These cages contained standard corncob bedding, and food pellets were placed on the cage floor. Access to water was provided via glass liquid diet feeding tubes (\#9019, Bio-serve, Frenchtown, NJ) inserted through a hole drilled through the side of each cage. The commutators were secured to a hole in the cage lid thus ensuring that mice did not become entangled in their tethers. Five cages were placed inside sound and light attenuating chambers equipped with a fan and white LED light strips (\# 10434, General Electric, Fairfield, CT). The lights were on a timer synchronized with the colony lights and the data acquisition PC clock. Additionally, the inside of the chamber was lined with either copper mesh or coated in conductive paint to shield the inside from electromagnetic interference.

Prior to recording, mice were habituated to this environment for 7 days. On recording days, data were collected over a 23.5 Hr period. The time at which recordings were initiated depended on the experimental protocol, but this was generally either before the onset of the LP (ZT 00:00) or before the onset of the DP (ZT 12:00). For the sleep deprivation experiment, data collection was initiated in the middle of the LP (ZT 06:00). Individual cages were removed from the recording chambers during the 30 min between recording sessions, and subjects were weighed and administered an i.p. injection of saline, vehicle, or a drug. After injections, subjects were placed back into their respective cages, and these were returned to the recording chambers. In studies with multiple doses of drugs, we explicitly chose to use a schedule of escalating doses over a series of days. Cannabinoids can rapidly induce tolerance, and thus, if a counter-balanced design was implemented, any effect of low-dosage on sleep parameters would likely be prevented by the preceding administration of a high dose. Additionally, compensatory effects were observed following high dose administration of cannabinoids (for example, see [results](#sec013){ref-type="sec"} from the recovery day in experiments with JZL184 and AM3506), so a counterbalanced design on successive days could lead to erroneous conclusions that low dosage administration promotes effects opposing those of high-doses.

EEG and EMG signals were amplified 1000x (20x HST/16V-G20 headstage followed by 50x wide-band PBX, Plexon, Dallas, TX). The amplified signals were digitized using a National Instruments digitizer (PCI-6071E, National Instruments, Austin, TX) connected to a standard PC computer (Optiplex GX620, Dell Computers, Round Rock, TX) running Recorder v2 (Plexon). Data were visualized as they were being collected using Recorder software's built-in oscilloscope, and in cases where signals were observed to be of poor quality (e.g. low signal-to-noise ratio, low dynamic range), the subject was not used for analysis of sleep or drug-induced changes in EEG spectral power. This was almost always the result of a faulty EMG electrode. As an additional check to ensure subjects with corrupt (unscorable) signals were not included in analysis, subsequent visual inspection of the scoring results (including raw EEG/EMG signals) for each subject alerted the investigator to any problems of low signal quality that could arise at a point in the experiment when online data collection was not being monitored. All data were sampled at 1 kHz, and a 60 Hz notch filter was applied to eliminate line noise. EEG signals were low-pass filtered online at 120 Hz with a 2 pole Bessel filter, and EMG signals were high pass filtered at 40 Hz with a 4 pole Bessel filter. Data were saved for offline analysis.

Sleep Deprivation {#sec007}
-----------------

The custom sleep deprivation apparatus ([S1 Fig](#pone.0152473.s002){ref-type="supplementary-material"}, panel A) used in this report was constructed from a 10 in long clear acrylic tube with an internal diameter of 5 in that was suspended slightly above an epoxy-sealed ABS disc that served as the chamber floor. The disc and other structural components of the apparatus were custom designed in CAD software (Sketchup 8, Trimble Navigation Ltd, Sunnyvale, CA) and constructed from 3D printed ABS plastic (3D XL printer, Airwolf3D, Costa Mesa, CA). The cylinder had an acrylic divider that extended the length of its radius from the interior wall directly into the center of the chamber ([S1 Fig](#pone.0152473.s002){ref-type="supplementary-material"}, panel B). This divider ensured the animal would move when the floor of the device rotated. The chambers contained standard corncob bedding, and a sufficient amount of standard mouse chow was placed on the floor to provide ad libitum access to food. A glass liquid diet feeding tube provided ad libitum access to water. The bottom of ABS disc was attached to a 360 degree servo motor (DF15RSMG, DFRobot, Shanghai, China), and the motors of five chambers were controlled by an Arduino UNO board (Adafruit Industries, New York, NY) that received commands via a serial connection with a laptop running MATLAB ([S1 Fig](#pone.0152473.s002){ref-type="supplementary-material"}, panel C). The signal from the Arduino board and the servos were calibrated to rotate at approximately 15 rpm. Rotation was engaged for a random time interval between 10--15 sec and was turned off for a random interval between 5--10 sec. Additionally, the rotational direction of the disc was randomly alternated to prevent habituation to movement in one direction. In preliminary studies, we found this intermittent schedule to be effective in producing near total sleep deprivation (\< 1% of time spent in NREM sleep) for up to 6 Hr in most subjects. Importantly, the devices were constructed so that a commutator (SL6C/SB, Plastics One) could be connected to the chamber lid. This allowed continuous recording of the EEG and EMG signals while the subject was housed in the apparatus.

Sleep deprivation experiments consisted of three phases: baseline, deprivation, and recovery. Polysomnographic measures of sleep were obtained across all phases of the experiment. Following habituation to the standard recording environment, 48 Hr baseline recordings were obtained from all subjects following an i.p. injection of vehicle (1:1:18 mixture DMSO: Cremaphor: 0.9% Saline) at ZT 06:00. After the baseline recordings, subjects were transferred into the sleep deprivation devices ([S1 Fig](#pone.0152473.s002){ref-type="supplementary-material"}). Importantly, their original recording cages (including bedding, food, and water bottles) were retained and labelled according to subject. TSD via forced locomotion was initiated at the onset of the LP (ZT 00:00), 18 Hr after the subjects were placed into the deprivation device. The TSD protocol continued for 6 Hr, and afterwards subjects were immediately removed from the deprivation chambers, weighed, and received either an i.p. injection of the vehicle solution (control) or 5 mg/kg AM281. Subjects were then returned to their original recording cage for 48 Hr (recovery phase). TSD was defined as spending less than 1% of total time (\< 3.6 minutes) in NREM sleep, and based on this criterion, we disqualified 5 out of 14 mice in the AM281 group and 3 out of 14 mice in the vehicle group.

Vigilance State Scoring {#sec008}
-----------------------

To obtain an unbiased estimate of sleep-wake states, we devised an automated algorithm to score polysomnographic data as either wake, NREM, or REM sleep ([Fig 1A and 1B](#pone.0152473.g001){ref-type="fig"}). Importantly, this software arrives at a deterministic score of a 24 Hr single-subject recording in less than 5 min, assigning scores to 2 sec epochs, and it performs as well as trained human scorers ([Fig 1C](#pone.0152473.g001){ref-type="fig"} and [S3 Fig](#pone.0152473.s004){ref-type="supplementary-material"}).

![Design and Validation of Fully Automated Vigilance State Scoring Algorithm.\
**A,** Schematic diagram of data processing during acquisition (blue shaded region) and during offline calculation of 3-dimensional state-space coordinates (green shaded region). The grey box at the end of the flow chart highlights the three coordinates that define the state space. At this stage, no state-assignment has been made. Each point in the final state-space represents a 2 sec epoch. **B,** Schematic illustrating the three-step, automated process for classifying points in the state-space (pink shaded region) into either wake, rapid eye movement (REM), or non-rapid eye movement (NREM) sleep. Additionally, points that are ambiguously positioned on the boundary between clusters can be defined as unclassified. *Step 1*: parametric classification establishes regions of the state-space consistent with the three vigilance states based on hard cutoff criteria determined from the distribution of points within the state-space. *Step 2a*: from the classification performed in step 1, 99% confidence intervals (CIs) are constructed for each state using a product kernel estimator with a Gaussian kernel function and Scott's Rule for bandwidth determination. *Step 2b*: The state-space is reclassified using a simple inclusion rule with the 99% CIs constructed in step 2a. *Step 3*: A transitional classifier is used to incorporate most points that were outside the 99% CIs into a state-classification. All strings of unclassified points that are bounded on either side by epochs of the same state are incorporated into that state classification (e.g. wake--unclassified--unclassified--wake becomes wake--wake--wake--wake). **C,** Validation results comparing the percent agreement between three trained human scorers (inter-rater reliability) with percent agreement between each human and the computer assigned scores. Bars represent mean±SEM. Abbreviations: CI--confidence interval, EEG--electroencephalogram, EMG--electromyogram (A) or state-space coordinate derived from electromyogram signal (B), FFT--Fast Fourier Transform, HP--high pass, LP--low pass, PC--principle component, PCA--principle component analysis, R1 --ratio 1, R2 --ratio 2.](pone.0152473.g001){#pone.0152473.g001}

### Calculation of the State-Space {#sec009}

The first step, deriving the state-space ([Fig 1A](#pone.0152473.g001){ref-type="fig"}), was heavily influenced by the state-space methodology reported by Gervasoni et al \[[@pone.0152473.ref036]\], but in addition to electrographic signals from the brain, we also incorporated EMG activity to conform with standard polysomnography techniques used in mice \[[@pone.0152473.ref037]\]. However, our methodology differed somewhat from other state-space based approaches. Because we were recording from two EEG channels, we first compressed this data by taking the first principle component (PC) of the raw data. By only performing analysis on the 1^st^ PC of the two frontal EEG signals, computational overhead is reduced. Next, power spectra were obtained for the EEG and EMG waveforms using a 4 sec sliding window FFT with a 2 sec step. This was implemented using the spectrogram() function that is part of the signal processing toolbox in MATLAB (The Mathworks Inc, Natick, MA). This provided frequency domain data in 2 sec epochs with roughly 0.25 Hz bin resolution. Two power spectral ratios (R1 & R2) were calculated from the EEG data for each epoch: $$\text{Ratio}\ 1 = \left\lbrack {R1}_{i} \right\rbrack = \frac{\sum_{j = 0.5\ Hz}^{20\ Hz}\mspace{2mu} P\left( f_{j} \right)}{\sum_{j = 0.5\ Hz}^{100\ Hz}\mspace{2mu}{P\left( f_{j} \right)}}\mspace{90mu}\text{Ratio}\ 2 = \left\lbrack {R2}_{i} \right\rbrack = \frac{\sum_{j = 5\ Hz}^{10\ Hz}\mspace{2mu}{P\left( f_{j} \right)}}{\sum_{j = 0.5\ Hz}^{4\ Hz}\mspace{2mu}{P\left( f_{j} \right)}}$$

Ratio 1 (R1) provides good separation between NREM and wake epochs \[[@pone.0152473.ref036], [@pone.0152473.ref038]\]. However, separating REM from the other two clusters is challenging due to the sparse nature of REM sleep and the similarity of the power spectra between REM and wake in mice. However, theta rhythms (5--8 Hz) are prominent during REM sleep, and this characteristic has been used as a means to separate REM epochs into a distinct, if somewhat diffuse cluster \[[@pone.0152473.ref038]--[@pone.0152473.ref040]\]. Thus, we defined Ratio 2 (R2) to help pull epochs with high theta power away from the major clusters representing NREM and wake. In addition to prominent theta, REM sleep is also distinguished from wake by significantly reduced muscle tonus which can be measured with EMG. Therefore, we incorporated this criterion into the state-space by including the RMS value of the power spectra of the EMG waveform. In summary, three criteria were used to separate epochs of polysomnographic data into a 3D state-space: (1) Prominence of the frequencies between 0.5 and 20 Hz relative to the entire power spectra (0.5--100 Hz), (2) Prominence of theta power relative to delta (0.5-4Hz), (3) RMS of the power spectra of the EMG waveform.

To provide better cluster separation, the state-space coordinates are smoothed with a 10 sec Hann function and log transformed. To standardize the range of axes occupied by the state-space the log transformed data were median centered and normalized to the max absolute value on each axis. This bounds the state-space between -1 and +1 across all axes for all subjects. The first graph in [Fig 1B](#pone.0152473.g001){ref-type="fig"} provides an example of the state-space at this stage of algorithm.

### Classification of Points in State-Space as Vigilance States {#sec010}

Once the state-space is computed, three distinct clusters can be observed, and the second step of the classification software ([Fig 1B](#pone.0152473.g001){ref-type="fig"}) serves to automatically define these clusters. This process occurs over three sequential steps, where a rough description of clusters based on hard cutoffs is used to establish statistical boundaries (confidence intervals) that reclassify the data using an inclusion/exclusion test. In the final step, the remaining epochs that are not assigned to wake, NREM, or REM states are restricted to epochs that are ambiguous to classify because they occur during transitions between vigilance states.

First, a rough estimate of cluster boundaries is obtained by establishing threshold values based on the distribution of points along each axis **([Fig 1B](#pone.0152473.g001){ref-type="fig"}, step 1**). Specifically, a univariate kernel density estimate is performed independently for EMG and R1. The distribution along R1 is bimodal, so the threshold separating wake and REM from NREM along the R1 axis is defined as the local minimum between these modes. The distribution of EMG values is not consistently bimodal, so NREM epochs are constrained by the third quartile along this axis. Similarly, wake was defined as epochs on the opposite side of the R1 distribution threshold with EMG values greater than the median. REM was defined as values in the same mode of R1 as wake with EMG values within the first tercile. Additionally, REM was constrained to only those epochs above the median value on the R2 axis. The purpose of the these hard-cut criteria is to seed clusters based on the consistent topology of the state-space. The next two steps of the classification process substantially refine this initial classification. The values for thresholds were visually determined by the experimenter after trial and error with many data sets as reasonable thresholds to capture the majority of each cluster across the overwhelming majority of datasets tested. Importantly, not all points are classified in this step (see [Fig 1B](#pone.0152473.g001){ref-type="fig"}, step 1), and there is a buffer of unclassified points left between wake and REM that is subsequently incorporated into these clusters after completing steps 2 & 3 of the classification process. After inspecting the classified state-space for each data file, there were some rare instances where it was clear that the REM cluster was not adequately defined by this step of the algorithm, and in these instances, a custom software routine allowed for the manual selection of the REM cluster.

Based upon this initial classification, confidence intervals were calculated for each cluster by estimating the probability density function (PDF) for each cluster separately (${\hat{f}}_{State}$) and the whole state-space (${\hat{f}}_{total}$), using kernel estimation with a Gaussian kernel: $${\hat{f}}_{subset}\left( \mathbf{x} \right) = \left( nh_{1}h_{2}h_{3} \right)^{- 1}\sum\limits_{i = 1}^{n}\left\{ {\prod\limits_{j = 1}^{3}K\left( \frac{x_{j} - X_{ij}}{h_{j}} \right)} \right\},\qquad K\left( t \right) = \frac{1}{\sqrt{2\pi}}e^{{- t^{2}}/2}$$

The smoothing parameter was determined based on the dataset using Scott's Rule: $${\hat{h}}_{i} = {\hat{\sigma}}_{i}n^{{- 1}/7}$$

Because some points were not assigned a state in the first classification step, there was a separate PDF calculated for these points in addition to the estimates for wake, NREM, and REM. After all kernel estimates had been obtained, they were scaled so the maximum value of each component PDF was equal to the corresponding grid location in ${\hat{f}}_{total}$. In this way, the PDF of the entire state-space was decomposed into component densities representing the different states ([Fig 1B](#pone.0152473.g001){ref-type="fig"}, step 2a).
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To determine the probability that a given point belonged to a specified cluster, the component PDFs were subtracted from one another and normalized to the absolute value of the resulting maxima: $$P\left( A|\mathbf{x} \right) = \frac{{\hat{f}}_{A} - {\hat{f}}_{B} - {\hat{f}}_{C} - {\hat{f}}_{D}}{\left| \text{max}\left( {\hat{f}}_{A} - {\hat{f}}_{B} - {\hat{f}}_{C} - {\hat{f}}_{D} \right) \right|}$$

Where A, B, C, and D represent different states (Wake, NREM, REM, and Unassigned), and ***x*** is a three dimensional feature vector for a specified epoch of the state-space. This subtraction and normalization step was performed for each component density yielding four probability matrices. The subtraction step was important to delineate clean borders between states.

At this stage of processing, points in the state-space were reclassified using the probability matrices defined above. To accomplish this, each epoch of the state-space was indexed into the four probability matrices, to determine the probability that it belonged to each state. The epoch was assigned to the state with the highest probability if it fell within confidence intervals specified *a priori*. We established 99.9% confidence intervals for all states. Points that fell outside of these confidence intervals were assigned to the unclassified cluster, and similarly, points that had equivalent probability of belonging to two or more clusters were assigned to the unclassified cluster ([Fig 1B](#pone.0152473.g001){ref-type="fig"}, step 2b).

As can be seen in the results following classification with 99.9% confidence intervals ([Fig 1B](#pone.0152473.g001){ref-type="fig"}, step 2b), unclassified epochs comprised points on the periphery of clusters and transitional epochs between clusters. To further refine the state assignment, a final classification step was performed using a transitional classifier ([Fig 1B](#pone.0152473.g001){ref-type="fig"}, step 3). The point of this last step was to reduce unclassified epochs to only those epochs representing transitions between states where state scoring is inherently ambiguous. Consequently, this classification step assigned all unclassified epochs bounded by an epoch of the same state, while unclassified epochs bounded by different states would remain unclassified. Thus, the sequence \[wake, unclassified, unclassified, wake\] would become \[wake, wake, wake, wake\], while \[wake, unclassified, unclassified, NREM\] would remain the same. As shown in the last graph of [Fig 1B](#pone.0152473.g001){ref-type="fig"}, the result of this classification step was to eliminate the penumbra of unclassified epochs surrounding the clusters, while leaving the unclassified epochs between cluster boundaries unchanged.

Most of this analysis was coded in MATLAB and C/C++ (MEX file libraries). However, a parallelized kernel density estimation method, GPUML, was implemented in CUDA/C (NVIDIA Corp, Santa Clara, CA) to speed computation of non-parametric density estimation \[[@pone.0152473.ref041]\]. Throughout the algorithm, operations were parallelized where possible, and this was achieved via explicit coding of parfor and spmd loops using MATLAB's Parallel Computing Toolbox. Importantly, for each data set (all subjects \* days of experiment), the scoring results were visually examined to ensure there were no obvious defects in scoring.

The prevalence of each state was calculated as the percent of time spent in that state. Additionally, the number and duration of bouts of NREM and REM were calculated (sleep architecture) with one bout defined as a consecutive series of epochs in the same state.

Drugs {#sec011}
-----

CP47,497 (CP47), AM281, JZL184 (JZL), and URB597 (URB) were all obtained from Tocris Bioscience (Bristol, UK). These compounds are highly lipophilic and only sparingly soluble in aqueous solution. Therefore, these drugs were dissolved in a vehicle solution consisting of a 1:1:18 mixture of DMSO, Cremaphor, and normal saline. Administration of this vehicle had no effect on either sleep or EEG power spectra ([S2 Fig](#pone.0152473.s003){ref-type="supplementary-material"}). AM3506 was synthesized in the laboratory of Dr. Alexandros Makriyannis (Northeastern University), and was prepared in a 1:1:8 vehicle of DMSO:Cremaphor:Saline because it tends to precipitate when prepared in the standard vehicle solution. For all experiments, 24 Hr recordings of polysomnographic indices following administration of the appropriate vehicle solution were used as a within-subject baseline for comparison. All drug and vehicle solutions were administered via i.p. injections given at a volume of 0.02 mL per gram body weight. Drug were prepared fresh on the day of the experiment.

Statistics {#sec012}
----------

In all experiments, time of day was included as a factor, but it was necessary to take into account the effect of photoperiod as well. Therefore, all analyses of time course data utilized a hierarchical linear mixed model (HLM) approach. For most experiments, a model with three repeated, fixed factors was implemented. Specifically, the model tested for the interaction between drug treatment and time of day nested within photoperiod. Because we followed subjects across different treatment conditions, all analyses contained repeated measures, and post-hoc comparisons were performed within-subjects. For the sleep deprivation experiment, there were two experimental groups (AM281 treated and vehicle control). For simplicity, only data from the first day following baseline vehicle injection (baseline day 1) and the first day following sleep deprivation (recovery day 1) were statistically compared. In this case, the model design examined the between groups interaction of treatment group (vehicle vs AM281) with time of day nested within photoperiod (light vs dark) nested within experimental phase (baseline vs recovery), where time of day, photoperiod, and experimental phase were all repeated measures. Analysis with HLM was performed in SPSS (IBM, Bethesda, MD). A Bonferroni correction was applied to all pair-wise comparisons of the model-derived estimated marginal means, and all reported *P*-values reflect this correction. For all analyses α = 0.05.

Results {#sec013}
=======

Validation of Unsupervised Sleep Staging Algorithm {#sec014}
--------------------------------------------------

To validate our method of scoring, the computer-derived vigilance state classification results from 6 datasets were compared against scoring results from three trained humans. Because manual scoring by humans will always be sensitive to issues of subjectivity and scorer vigilance, an appropriate validation of automated methods should take into account how the computer-derived score compares to the inter-rater reliability of manual scoring. Consequently, the percent agreement between scores obtained from the computer algorithm and manual sleep staging were compared to the percent agreement between the manually-derived scores (inter-rater reliability; [Fig 1C](#pone.0152473.g001){ref-type="fig"}). There was no interaction between scorer (human vs. computer) and data file (repeated measure; 2-way ANOVA, *F*(5, 20) = 1.05, *p* = 0.42), and there was no effect of scorer (*F*(1, 4) = 1.01, *p* = 0.37). However, there was an effect of data file (*F*(5, 20) = 20.76, *p* \< 0.001), because data file 4 was intentionally included as it had a noisy EMG signal. Compared to the other files that were scored, there was a marked reduction in the inter-rater reliability between humans and between human vs computer derived scores. Comparisons of scoring reliability for each vigilance state also found no difference between humans and the computer ([S3 Fig](#pone.0152473.s004){ref-type="supplementary-material"}). Consequently, we conclude that this algorithm performs comparably to manual sleep staging.

[Fig 2](#pone.0152473.g002){ref-type="fig"} shows example scoring results with raw data traces and power spectra including state transitions. One important feature of this vigilance state-scoring program is the necessary inclusion of unclassified/transitional epochs that cannot be assigned to specific states with any rigor (note the black points *between* clusters in [Fig 2A](#pone.0152473.g002){ref-type="fig"}). This derives naturally from the fact that state clusters are not cleanly segregated in the state-space, which is consistent with the intuitive notion that state-transitions are not instantaneous (i.e. falling asleep or waking up takes some time as cortical ensembles synchronize or desynchronize, respectively). Thus, the algorithm conservatively estimates vigilance states by only assigning a score when an epoch registers within some statistical bounds of certainty.

![Example Results of State-Scoring.\
**A**, Example of scored state-space with color-coded state clusters. **B**, Example of power spectra derived from the scored epochs. Power spectra are color-coded according to the state they were derived from. Solid lines indicate borders of 95% confidence interval of power spectra for all epochs of associated state across the day. **C**, Distribution of time spent in each classification criteria over the day. **D**, Pattern of sleep-wake states over the day shown as percent time of 3 Hr bins. Grey background denotes the dark photoperiod. **E,** Aligned time-frequency power spectrum, raw EEG, raw EMG, and color-coded hypnogram for a single recording day. Time of day denoted as zeitgeber time underneath the hypnogram. **F**, Expanded view of hashed yellow box in panel E. Small yellow hashed boxes highlight times with state transitions and correspond to subpanels F1 --F3. **F1**, Wake to NREM transition. **F2,** NREM to wake transition. **F3,** Transition from NREM to REM and transition from REM to wake. For A-D and all hypnograms shown in E--F, wake is indicated in red, NREM is indicated in blue, and REM is indicated in green. For all periodograms shown in E and F, absolute power specified in the heat map is given by the colorbar between panel F and subpanel F3.](pone.0152473.g002){#pone.0152473.g002}

Direct Activation of CB1 Receptors Facilitates NREM Sleep {#sec015}
---------------------------------------------------------

To determine how activation of CB1 affects sleep, the full CB1 agonist, CP47, was administered just prior to the DP. Consistent with reports that CB1 activation reduces locomotor activity, phasic muscle movements in the EMG were reduced after injection of CP47, and the amount of high voltage, low frequency activity in the EEG was increased ([Fig 3](#pone.0152473.g003){ref-type="fig"}). In this experiment, a 0.1 (low) and a 1.0 (high) mg/kg dose of CP47 were administered on subsequent recording days following a baseline day where vehicle was injected ([Fig 4A](#pone.0152473.g004){ref-type="fig"}). We assessed the percent time spent in NREM sleep ([Fig 4B](#pone.0152473.g004){ref-type="fig"}) and found a significant overall interaction (treatment x time of day within photoperiod, *F*(18, 142.63) = 9.804, *p* \< 0.001), secondary interaction (treatment x photoperiod, *F*(2, 96.81) = 26.63, *p* \< 0.001), and a main effect of photoperiod (*F*(1, 116.62) = 284.59, *p* \< 0.001). High dose CP47 had biphasic effects on sleep time, inducing significantly more NREM during the DP (*t*(85.57) = 5.71, *p* \< 0.001) and reducing NREM during the LP (*t*(85.57) = -6.046, *p* = 0.006). NREM sleep time was increased over the first 6 Hr of the DP (low dose, ZT12-15: *t*(191.94) = 2.89, *p* = 0.009; high dose, ZT12-18: *t*(191.94) ≥ 6.21, *p* \< 0.001), and high dose CP47 significantly reduced NREM during the first 3 Hr of the LP (ZT00-03: *t*(191.94) = -2.54, *p* = 0.024). Thus, the synthetic cannabinoid CP47 biphasically modulates NREM sleep time.

![Example EEG/EMG Traces on Different Time Scales Following Vehicle or CP47,497 Administration.\
EEG and EMG traces are from the same subject at the same stage of the circadian cycle after administration of either vehicle (**A**, **A'**, and left column of **C**) or 1 mg/kg CP47,497 (**B**, **B'**, and right column of **C**). Panels **A** and **B** show a 2 Hr 15 min window from ZT 14:00--16:15, roughly 2 Hr after drug administration, coinciding with peak effects observed on sleep. Panels **A'** and **B'** show a 15 min long segment expanded from the region in **A** and **B** highlighted by the dashed orange box. Panel **C** shows representative 18 sec long data segments corresponding to NREM and Wake obtained following vehicle and CP47 administration. These data segments were taken from the segments shown in **A** and **B**. The color-coded hypnogram shown at the bottom of **A**, **B**, **A'**, and **B'** represents consecutive 2 sec epochs shown as wake (red), NREM (blue), unclassified (grey). No REM occurred during this period. Black traces depict EEG, red traces depict EMG. **A** and **B** are identically scaled. **A'** and **B'** are identically scaled. All traces in **C** are identically scaled.](pone.0152473.g003){#pone.0152473.g003}

![Direct Activation of CB1 with the Full Agonist, CP47,497, Has Biphasic Effects on NREM Sleep that are Mediated by the CB1 Receptor.\
**A,** Diagram of experimental protocol for recording sleep after administration of the CB1 agonist, CP47,497. All injections given at the onset of the dark photoperiod (ZT 12:00). **B,** Quantification of NREM sleep time and architecture (*N* = 9). **C,** Quantification of REM sleep time and architecture. **D,** Diagram of experimental protocol for recording sleep after co-administering CP47 with AM281. **E,** Quantification of NREM sleep in experiments with co-administration of CP47 and AM281. In all graphs, the grey shaded region denotes the dark photoperiod. Symbols represent mean±SEM for 3 Hr time bins. Asterisks denote significant difference from vehicle baseline.](pone.0152473.g004){#pone.0152473.g004}

We next examined effects on NREM architecture. For NREM bout duration, there was an overall interaction (treatment x time of day within photoperiod, *F*(18, 143.87) = 3.854, *p* \< 0.001), a secondary interaction (treatment x photoperiod, *F*(2, 78.01) = 4.85, *p* = 0.010), and a main effect of photoperiod (*F*(1, 113.84) = 26.537, *p* \< 0.001). CP47 significantly increased NREM bout duration during the second quarter of the DP (ZT15-18: *t*(157.46) = 3.49, *p* = 0.001). In contrast, NREM bout duration was reduced across the LP (*t*(62.72) = 3.23, *p* = 0.032), specifically during the first quarter of the LP (ZT00-03: *t*(157.46) = 3.16, *p* = 0.004). The number of NREM bouts was also affected by an overall interaction (*F*(18, 143.48) = 1.96, *p* = 0.016) and a main effect of photoperiod (*F*(1, 113.30) = 17.81, *p* \< 0.001). However, the only significant difference between treatment conditions occurred during the first quarter of the LP when high dose CP47 increased the number of NREM bouts (*t*(157.72) = 3.74, *p* \< 0.001). Treatment with CP47 did not affect REM sleep ([Fig 4C](#pone.0152473.g004){ref-type="fig"}).

To confirm that CP47's effects on sleep were mediated through the CB1 receptor, a separate cohort of subjects was administered the vehicle solution followed 24 Hr later by an injection containing a mixture of CP47 (1 mg/kg) and the selective CB1 antagonist, AM281 (5 mg/kg; CP47+AM281; [Fig 4D](#pone.0152473.g004){ref-type="fig"}). As an internal positive control, the experiment was continued for a third day when CP47 (1 mg/kg) was administered alone. There was an overall interaction for NREM sleep time ([Fig 4E](#pone.0152473.g004){ref-type="fig"}; treatment x time of day within photoperiod, *F*(18, 198.22) = 11.31, *p* \< 0.001), a secondary interaction (treatment x photoperiod, *F*(2, 133.28) = 43.47, *p* \< 0.001), and a main effect of photoperiod (F(1, 160.97) = 364.21, *p* \< 0.001). While CP47 alone increased sleep time during the DP (ZT12-15 & ZT15-18: *t*(263.34) ≥ 6.43, *p* \< 0.001) and reduced it during the LP (ZT00-03, 03--06, and 06--09: t(263.34) ≤ -3.12, p ≤ 0.006), co-administering AM281 significantly attenuated the CP47 effects during the DP (AM281+CP47 vs CP47, ZT12-15, 15--18, and 18--21: t(263.34) ≤ -2.94, *p* ≤ 0.011) and reversed them completely during the LP (ZT00-03 and 03--06: *t*(263.34) ≥ 2.57, *p* ≤ 0.033). Compared to vehicle, CP47+AM281 had mixed effects on NREM in the DP (ZT12-15 (increased): *t*(263.34) = 4.14, *p* \< 0.001; ZT18-21(decreased): *t*(263.34) = -2.79, *p* = 0.017), but there were no differences during the LP. These results replicated our previous findings on CP47's biphasic effect on sleep, and co-administration of AM281 blocked this effect suggesting that CP47's effects on NREM sleep are mediated through CB1.

The CP47-induced changes in sleep architecture were similarly blunted by co-administration of AM281. For NREM bout duration, there was a significant overall interaction (treatment x time of day within photoperiod, *F*(18, 202.64) = 5.487, *p* \< 0.001), secondary interaction (treatment x photoperiod, *F*(2, 103.25) = 13.06, *p* \< 0.001), and main effects of both drug treatment (*F*(2, 61.707) = 4.376, *p* = 0.017) and photoperiod (*F*(1, 169.28) = 45.05, *p* \< 0.001). CP47 produced a large decrease in bout duration across all time points of the LP (CP47 vs vehicle, ZT00-12: *t*(182.30) ≤ -2.69, *p* ≤ 0.025) that was blocked by co-administration of AM281 (CP47+AM281 vs CP47, ZT00-09:: *t*(184.77) ≥ 3.30, *p* ≤ 0.003). CP47+AM281 did not change NREM bout duration relative to vehicle. The number of NREM bouts was affected by a significant overall interaction (treatment x time of day within photoperiod, *F*(18, 192.19) = 5.20, *p* \< 0.001) and main effects of both photoperiod (*F*(1, 155.99) = 11.18, *p* = 0.001) and drug treatment (*F*(2, 54.76) = 4.79, *p* = 0.012). Across the entire recording day, CP47 produced an increase in the number of NREM bouts (*t*(48.65) = 2.98, *p* = 0.013), but the only specific time point with significant differences between treatments was the first quarter of the DP where both CP47 (*t*(176.71) = 4.58, *p* \< 0.001) and CP47+AM281 (*t*(178.81) = -4.57, *p* \< 0.001) produced a significant increase in NREM bouts. As discussed later, AM281 alone increases the number NREM bouts during the first quarter of the DP, so the increased number of NREM bouts is confounded by AM281's effect. Thus, CP47's effects on sleep architecture are largely mediated through the CB1 receptor.

Inhibition of Monoacylglycerol Lipase Stabilizes NREM and Suppresses REM {#sec016}
------------------------------------------------------------------------

### Sleep Measurements {#sec017}

Considering that activation of CB1 receptors with exogenous ligands can facilitate sleep, we next sought to test the hypothesis that eCBs could similarly promote NREM sleep. Increasing endogenous 2-AG tone with JZL, a selective MAGL inhibitor, reduced phasic EMG activity and increased the amount of low-frequency high-voltage EEG activity characteristic of NREM sleep ([Fig 5](#pone.0152473.g005){ref-type="fig"}). To quantify vigilance states after pharmacologically increasing 2-AG levels, subjects were sequentially given a 1.6 (low), 8.0 (moderate), and 16.0 (high) mg/kg doses of JZL, after which an additional 24 Hr recording with no injection (recovery) was obtained ([Fig 6A](#pone.0152473.g006){ref-type="fig"}). Within-subject comparisons were made using sleep measures obtained during a 24 Hr baseline recording that followed a vehicle injection. Several reports have suggested that endocannabinoid levels fluctuate across the circadian cycle \[[@pone.0152473.ref033], [@pone.0152473.ref034], [@pone.0152473.ref042]\], but it is unclear how or if this may be related to sleep. Therefore, two experiments were performed with JZL in separate groups of mice. In one, JZL was administered before the DP, when mice are most active ([Fig 6B](#pone.0152473.g006){ref-type="fig"}), and in the other, JZL was administered prior to the LP ([Fig 6C](#pone.0152473.g006){ref-type="fig"}).

![Example EEG/EMG Traces on Different Time Scales Following Vehicle or JZL184 Administration.\
EEG and EMG traces are from the same subject at the same stage of the circadian cycle after administration of either vehicle (**A**, **A'**, and left column of **C**) or 16 mg/kg JZL184 (**B**, **B'**, and right column of **C**). Data are from experiment with JZL administration before the LP. Panels **A** and **B** show a 2 Hr 15 min window from ZT 02:00--04:15, roughly 2 Hr after drug administration, coinciding with peak effects observed on sleep. Panels **A'** and **B'** show a 15 min long segment expanded from the region in **A** and **B** highlighted by the dashed orange box. Panel **C** shows representative 18 sec long data segments corresponding to NREM and wake obtained following vehicle and JZL administration. These data segments were taken from the segments shown in **A** and **B**. The color-coded hypnogram shown at the bottom of **A**, **B**, **A'**, and **B'** represents consecutive 2 sec epochs shown as wake (red), NREM (blue), REM (green), and unclassified (grey). Note the loss of REM sleep following JZL administration. Black traces depict EEG, red traces depict EMG. **A** and **B** are identically scaled. **A'** and **B'** are identically scaled. All traces in **C** are identically scaled.](pone.0152473.g005){#pone.0152473.g005}

![Differential Effects of Increasing 2-AG Tone on NREM and REM Sleep Based on Circadian Timing of Drug Administration.\
**A,** Diagram of experimental protocol for recording sleep after administration of the MAGL inhibitor, JZL184. **B,** Quantification of NREM (top row) and REM (bottom row) sleep time and architecture for experiment where JZL was administered prior to the DP (*N* = 10). **C**, Quantification of NREM (top row) and REM (bottom row) sleep time and architecture for experiment where JZL was administered prior to the LP (*N* = 8). In all graphs, the grey shaded region denotes the dark photoperiod. Symbols represent mean±SEM for 3 Hr time bins. Asterisks denote significant difference from vehicle baseline.](pone.0152473.g006){#pone.0152473.g006}

When given just before the onset of the DP (between ZT 11:30 and 12:00), JZL administration had obvious effects on NREM sleep that mirrored those seen with CP47 ([Fig 6B](#pone.0152473.g006){ref-type="fig"}; top row). This was evidenced by an overall interaction (treatment x time of day within photoperiod, *F*(30, 269.56) = 12.29, *p* \< 0.001), secondary interaction (treatment x photoperiod, *F*(4, 198.66) = 48.31, *p* \< 0.001), and a main effect of photoperiod (*F*(1, 234.92) = 596.81, *p* \< 0.001). JZL had biphasic effects on NREM with increased sleep during the DP (moderate: *t*(172.80) = 4.49, *p* \< 0.001; high: *t*(175.26) = 6.71, *p* \< 0.001) and a suppression of NREM during the LP (moderate: *t*(172.80) = -3.72, *p* = 0.001; high: *t*(172.80) = -4.62, *p* \< 0.001). Specifically, JZL increased NREM sleep during the middle of the DP (moderate, ZT15-18: *t*(357.53) = 4.25, *p* \< 0.001; high, ZT15-21: *t*(357.53) ≥ 4.38, *p* \< 0.001) and reduced it during the LP (moderate, ZT00-03: *t*(357.53) = -3.17, *p* = 0.007; high, ZT06-09: *t*(357.53) = -2.93, *p* = 0.014). In contrast, on the recovery day NREM was reduced during the DP (recovery vs vehicle, *t*(172.80) = -3.66, *p* = 0.001) and increased during the LP (*t*(172.8) = 2.55, *p* = 0.047), specifically during the last quarter of the LP (ZT09-12: *t*(357.53) = 2.64, *p* = 0.035). Thus, inhibition of MAGL has biphasic effects on NREM sleep, initially increasing the time in NREM, followed by a decrease in NREM that extends into the recovery day.

JZL also produced alterations in NREM architecture similar to CP47. For NREM bout duration, there was an overall interaction (treatment x time of day within photoperiod, *F*(30, 272.08) = 3.55, *p* \< 0.001), a secondary interaction (treatment x photoperiod, *F*(4, 153.85) = 20.92, *p* \< 0.001), and main effects of both treatment (*F*(4, 93.89) = 3.60, *p* = 0.009) and photoperiod (*F*(1, 230.16) = 4.065, *p* = 0.045). High dose JZL increased NREM bout duration across the DP (*t*(115.00) = 2.83, *p* = 0.022), and both moderate and high doses reduced it across the LP (*t*(115.00) ≤ -2.58, *p* ≤ 0.044). Specifically, high dose JZL increased bout duration during the second quarter of the DP (ZT15-18: *t*(286.90) = 4.29, *p* \< 0.001) and reduced it across most of the LP (ZT00-09: *t*(286.90) ≤ -2.75, *p* ≤ 0.026). On the recovery day, NREM bout duration was increased across most of the LP (ZT03-12: *t*(287.54) ≥ 2.56, *p* ≤ 0.044). For the number of NREM bouts, there was also an overall interaction (treatment x time of day within photoperiod, *F*(30, 286.26) = 3.19, *p* \< 0.001), a secondary interaction (treatment x photoperiod, *F*(4, 153.85) = 3.23, *p* = 0.014), and main effects of both drug treatment (*F*(4, 75.96) = 6.15, *p* \< 0.001) and photoperiod (*F*(1, 272.44) = 99.44, *p* \< 0.001). High dose JZL increased NREM bouts across the LP (t(95.33) = 3.57, p = 0.002) with pair-wise differences at two time points (ZT03-06 & ZT09-12: *t*(218.71) ≥ 2.77, *p* ≤ 0.024). Thus, the effects of JZL treatment on NREM sleep were closely mirrored by effects on NREM bout duration, suggesting that MAGL inhibition-induced changes in sleep are due to modulation of NREM stability.

In contrast, administration of JZL before the DP produced only a slight reduction in REM sleep parameters ([Fig 6B](#pone.0152473.g006){ref-type="fig"}; bottom row). There was no effect of JZL on REM sleep time. For the duration of REM bouts, there was a nested interaction (time of day within photoperiod, *F*(6, 238.62) = 10.81, *p* \< 0.001), and main effects of treatment (*F*(4, 82.54) = 7.01, *p* \< 0.001) and photoperiod (*F*(1,238.51) = 34.78, *p* \< 0.001). 16.0 mg/kg JZL reduced REM bout duration during across the DP (*t*(110.53) = -2.56, *p* = 0.047), specifically during the third quarter of the DP (ZT18-21: *t*(235.00) = -2.80, *p* = 0.022), and REM bout duration was increased across the LP on the recovery day (*t*(99.54) = 2.77, *p* = 0.027), specifically during the second quarter of the LP (ZT03-06: *t*(237.32) = 2.71, *p* = 0.022). For the number of REM bouts, there was a nested interaction (time of day within photoperiod, (*F*(6, 268.06) = 14.44, *p* \< 0.001) and main effects of treatment (*F*(4, 81.95) = 3.17, *p* = 0.018) and photoperiod (*F*(1,254.72) = 55.42, *p* \< 0.001). The high dose of JZL increased the number of REM bouts during the last 3 Hr of the LP (ZT09-12: *t*(240.24) = 3.72, *p* = 0.001).

When JZL was administered before the LP, NREM sleep was augmented ([Fig 6C](#pone.0152473.g006){ref-type="fig"}; top row), but the magnitude of this effect (deviation from vehicle baseline) was not as great as when the drug was given prior to the DP. The effect was also not biphasic within a circadian cycle. For the percent of time spent in NREM sleep, there was a secondary interaction (treatment x photoperiod, *F*(4, 165.01) = 5.00, *p* = 0.001) and a nested interaction (time of day within photoperiod, *F*(6, 209.40) = 22.04, *p* \< 0.001) along with main effects of both treatment (*F*(4, 126.24) = 33.05, *p* \< 0.001) and photoperiod (*F*(1, 192.72) = 522.51, *p* \< 0.001). Moderate and high dose JZL increased NREM sleep time across the LP (*t*(145.25) ≥ 4.92, *p* \< 0.001), while NREM sleep time was reduced on the recovery day during both the LP (*t*(145.26) = -3.36, *p* = 0.004) and DP (*t*(145.26) = -3.61, *p* = 0.002). Specifically, all three doses of JZL increase NREM sleep time during the first 3 Hr of the LP (ZT 00--03: *t*(274.85) ≥ 2.59, *p* ≤ 0.040) with the moderate dose increasing NREM sleep up to 6 Hr after administration (*t*(274.85) = 3.06, *p* = 0.010) and the high dose increasing NREM up to 9 Hr into the LP (*t*(274.85) = 2.52, *p* \< 0.050). For NREM bout duration, there was an overall interaction (treatment x time of day within photoperiod; *F*(24, 218.31) = 1.67, *p* = 0.030), a secondary interaction (treatment x photoperiod; *F*(4, 120.79) = 2.80, *p* = 0.029), a nested interaction (time of day within photoperiod; *F*(6, 20.50) = 8.02, *p* \< 0.001), and main effects of both treatment (*F*(4, 74.15) = 6.34, *p* \< 0.001) and photoperiod (*F*(1, 179.88) = 132.73, *p* \< 0.001). High and moderate dose JZL increased NREM bout duration across the LP (*t*(91.06) ≥ 2.94, *p* ≤ 0.016). The moderate dose of JZL increased NREM bout duration across the first 6 Hr of the LP (ZT00-06: *t*(225.33) ≥ 2.59, *p* ≤ 0.041), while high dose JZL only increased NREM bout duration later in the LP (ZT06-09: *t*(225.33) = 3.12, *p* = 0.008). The number of NREM bouts was not affected when JZL was administered before the LP.

In contrast to the modest effects of JZL on REM sleep when the drug was given before the DP, administration of JZL before the LP produced a marked reduction in REM sleep ([Fig 6C](#pone.0152473.g006){ref-type="fig"}; bottom row). For the percent of time spent in REM sleep, there was an overall interaction (treatment x time of day within photoperiod, *F*(24, 224.83) = 1.61, *p* = 0.040), secondary interaction (treatment x photoperiod, *F*(4, 116.88) = 13.58, *p* \< 0.001), nested interaction (time of day within photoperiod, *F*(6, 212.50) = 9.60, *p* \< 0.001), and main effects of both treatment (*F*(4, 61.32) = 7.17, *p* \< 0.001) and photoperiod (*F*(1, 200.12) = 10.77, *p* = 0.001). Both moderate and high dose JZL reduced REM sleep time across the LP (*t*(77.11) ≤ -4.81, *p* \< 0.001). Specifically, REM sleep was diminished across most time points in the LP following administration of both doses (moderate dose, ZT00-09: *t*(184.07) ≤ -2.81, *p* ≤ 0.022; high dose, ZT00-12: *t*(184.05) ≤ -3.87, *p* ≤ 0.001). For REM bout duration, there was an overall interaction (treatment x time of day within photoperiod, *F*(24, 192.48) = 2.02, *p* = 0.005), secondary interaction (treatment x photoperiod, *F*(4, 113.74) = 6.52, *p* \< 0.001), and main effects of both treatment (*F*(4, 70.319) = 11.95, *p* \< 0.001) and photoperiod (*F*(1, 165.44) = 15.90, *p* \< 0.001). REM bout duration was suppressed by both moderate and high dose JZL across the LP (*t*(85.623) ≤ -27.46, *p* ≤ 0.001). Specifically, the moderate dose of JZL reduced REM bout duration during the first 6 Hr of the LP (ZT00-06: *t*(217.98) ≤ −3.27, *p* ≤ 0.005) and increased REM bout duration during the middle of the DP (ZT18-21: *t*(217.49) = 2.75, *p* = 0.026). High dose JZL reduced REM bout duration across the entire LP and into the first 3 Hr of the DP (ZT00-15: *t*(214.55) ≤ −3.21, *p* ≤ 0.006). For the number of REM bouts, there was a secondary interaction (treatment x photoperiod, *F*(4, 119.91) = 10.01, *p* \< 0.001), nested interaction (time of day within photoperiod, *F*(6, 206.20) = 11.17, *p* \< 0.001), and main effects of both treatment (*F*(4, 74.09) = 3.14, *p* = 0.019) and photoperiod (*F*(1, 177.54) = 27.29, *p* \< 0.001). Again, moderate and high dose JZL reduced the number of REM bouts across the LP (*t*(90.894) ≤ -3.41, *p* ≤ 0.002). The number of REM bouts was reduced at multiple time points during the LP following JZL administration (moderate dose, ZT03-06: *t*(227.24) = 3.19, *p* \< 0.001); high dose, ZT00-09: *t*(227.24) ≤ -2.85, *p* ≤ 0.019). Thus, REM sleep is markedly suppressed by acute augmentation of 2-AG tone, but only when this drug is administered immediately before the time of day when mice engage in most of their REM sleep.

### EEG Power Spectral Measurements {#sec018}

Given the effects of increased 2-AG signaling on NREM and REM sleep described above, we examined the spectral content of the EEG signal from the experiment where JZL was administered before the DP ([Fig 7](#pone.0152473.g007){ref-type="fig"}). Similar results were obtained when JZL was administered before the LP ([S4 Fig](#pone.0152473.s005){ref-type="supplementary-material"}) and when CP47 was administered before the DP ([S5 Fig](#pone.0152473.s006){ref-type="supplementary-material"}). Despite the robust effects on sleep, JZL produced relatively modest effects on 12 Hr averages of EEG power spectrum from epochs of any state ([Fig 7A--7C](#pone.0152473.g007){ref-type="fig"}). To quantify JZL's effects on EEG power spectra with higher temporal precision, we summed across well-described power spectral bandwidths (delta: 0-4Hz, theta: 4--8 Hz, and gamma: 30--70 Hz) in 3 Hr time bins ([Fig 7D--7F](#pone.0152473.g007){ref-type="fig"}). These bandwidths are routinely associated with sleep homeostasis (delta \[[@pone.0152473.ref043], [@pone.0152473.ref044]\], theta \[[@pone.0152473.ref045]\]), pneumonic processes (theta \[[@pone.0152473.ref046]\]), and attention (gamma \[[@pone.0152473.ref047]\]). Treatment with JZL had no effect on delta, theta, or gamma power during wake epochs ([Fig 7D](#pone.0152473.g007){ref-type="fig"}). For NREM epochs ([Fig 7E](#pone.0152473.g007){ref-type="fig"}), there was no effect of JZL on delta power, but for theta power there was a significant overall interaction (treatment x time of day within photoperiod, *F(*24, 335.61) = 1.84, *p* = 0.010), a nested interaction (time of day within photoperiod, *F*(6, 304.79) = 9.24, *p* \< 0.001), and a main effect of photoperiod (F(1, 159.84) = 85.90, p \< 0.001). However, there were no specific time points where JZL significantly altered NREM theta power relative to vehicle. For NREM gamma power, there was an overall interaction (treatment x time of day within photoperiod, *F*(24, 344.26) = 3.21, *p* \< 0.001), a secondary interaction (treatment x photoperiod, *F*(4, 354.88) = 14.62, *p* \< 0.001), a nested interaction (time of day within photoperiod, *F*(6, 304.49) = 25.78, *p* \< 0.001), and main effects of both drug treatment (*F*(4, 220.36) = 10.85, *p* \< 0.001) and photoperiod (*F*(1, 168.31) = 5.16, *p* = 0.024). JZL184 produced a dose-dependent reduction of NREM gamma power, with 8.0 mg/kg JZL184 decreasing gamma during the first 9 Hr of the DP (ZT 12--21: *t*(240.60) ≤ -2.67, *p* ≤ 0.032) and 16.0 mg/kg JZL reducing NREM gamma across the entire DP (ZT 12--00: *t*(159.50) ≤ -4.14, *p* ≤ 0.001). NREM gamma was no different from vehicle following the 1.6 mg/kg dose or on the recovery day. For REM epochs ([Fig 7F](#pone.0152473.g007){ref-type="fig"}), there was an there was an overall interaction (treatment x time of day within photoperiod, *F*(24, 284.87) = 1.71, *p* ≤ 0.022) and a main effect of photoperiod (*F*(1, 306.75) = 16.23, *p* \< 0.001) for delta power. However, there were no pair-wise differences between treatment/recovery conditions and vehicle. Similarly, for REM theta power, there was an overall interaction (treatment x time of day within photoperiod, *F*(24, 293.65) = 2.36, *p* \< 0.001) and a nested interaction (time of day within photoperiod, *F*(6, 292.49) = 8.09, *p* \< 0.001), but there were no pair-wise differences between treatment/recovery conditions and vehicle. For REM gamma, there was a secondary interaction (treatment x photoperiod, *F*(4, 252.78) = 5.03, *p* = 0.001) and a nested interaction (time of day within photoperiod, *F*(6, 292.39) = 10.94, *p* \< 0.001) with main effects of drug treatment (*F*(4, 83.77) = 7.39, *p* \< 0.001) and photoperiod (*F*(1, 235.60) = 15.65, *p* \< 0.001). JZL reduced REM gamma in a dose-dependent manner with 8.0 mg/kg JZL184 decreasing REM gamma across the first half of the DP (ZT12-18: *t*(121.00) ≤ -3.04, *p* ≤ 0.011) and 16.0 mg/kg JZL184 decreasing REM gamma across the entire DP (ZT12-00: *t*(85.92) ≤ -3.64, *p* ≤ 0.002). There was no difference in REM gamma power following low dose JZL184 or on the recovery day. Thus, increasing endogenous 2-AG tone with JZL has little effect on delta or theta power, but it attenuates gamma oscillations, particularly during sleep. Additionally, this effect is consistent irrespective of the time of day JZL is administered (see [S4 Fig](#pone.0152473.s005){ref-type="supplementary-material"}).

![MAGL Inhibition with JZL184 Attenuates Gamma Frequency Oscillations During Sleep.\
**A-C**, Average power spectra for epochs of different vigilance states across the entire DP (left hand) and LP (right hand). Solid lines denote means and shaded region around lines denotes SEM. **A**, Wake. **B**, NREM. **C**, REM. **D-F**, Change over the day in summated power in different frequency bandwidths from the power spectra: delta (left hand column), theta (middle column), and gamma (right hand column). In these graphs, results from epochs of wake are denoted in red (**D**), NREM are in blue (**E**), and REM are in green (**F**). Symbols/Bars represent mean±SEM for 3 hr time bins (*N* = 10). Grey background in graphs shows dark photoperiod. Asterisks denote significant difference from vehicle baseline. All injections administered at onset of DP (ZT 12:00).](pone.0152473.g007){#pone.0152473.g007}

Inhibition of Fatty Acid Amide Hydrolase Stabilizes NREM and Suppresses REM {#sec019}
---------------------------------------------------------------------------

### Sleep Measurements {#sec020}

Next, we tested the hypothesis that endogenous *N*-acylethanolamines, including AEA, could modulate sleep. The FAAH inhibitor URB was injected systemically at three different doses (0.1, 1.0, and 10.0 mg/kg) over successive days ([S6 Fig](#pone.0152473.s007){ref-type="supplementary-material"}, panel A), but URB did not have a substantial effect on either NREM ([S6 Fig](#pone.0152473.s007){ref-type="supplementary-material"}, panel B) or REM ([S6 Fig](#pone.0152473.s007){ref-type="supplementary-material"}, panel C) sleep, in contrast to the counterintuitive effects of i.c.v. injection reported previously \[[@pone.0152473.ref018]\]. These data would appear to suggest that *N*-acylethanolamines are not important for the regulation of vigilance states. However, application of exogenous AEA is known to facilitate NREM sleep \[[@pone.0152473.ref014], [@pone.0152473.ref015]\], and the elevation of *N*-acylethanolamines in rodent brain tissue by URB lasts only a few hours \[[@pone.0152473.ref048]\]. Thus, we performed a separate experiment with a single dose of the selective, long-lasting FAAH inhibitor AM3506 (10.0 mg/kg; [Fig 8A](#pone.0152473.g008){ref-type="fig"}) that reduces FAAH activity for up to 10 days after administration \[[@pone.0152473.ref049]\]. In this experiment, subjects were administered a vehicle injection followed 24 Hr later by an injection of AM3506, and polysomnographic measures of sleep were obtained over the following 48 Hr. As shown in [Fig 8B](#pone.0152473.g008){ref-type="fig"}, AM3506 significantly altered NREM sleep. For NREM sleep time, there was a significant overall interaction (treatment x time of day within photoperiod, *F*(18, 142.90) = 3.68, *p* \< 0.001), a secondary interaction (treatment x photoperiod, *F*(2, 80.60) = 20.57), and main effects of both treatment (*F*(2, 56.53) = 11.63, *p* \< 0.001) and photoperiod (*F*(1, 111.44) = 231.09, *p* \< 0.001). During the DP, AM3506 significantly augmented NREM sleep time (*t*(66.28) = 5.16, *p* \< 0.001), and similar to the effect of JZL, there was a significant reduction in NREM sleep during the DP on the recovery day (*t*(66.63) = -2.41, *p* = 0.038). In contrast to the effects of JZL and CP47, NREM sleep time during the LP was unaffected. Pair-wise comparisons at individual time bins found AM3506 significantly increased NREM sleep across the first 9 Hr of the DP (ZT12-21: *t*(168.29) ≥ 2.64, *p* ≤ 0.018), and on the recovery day, NREM sleep time was significantly reduced during the first three hours of the DP (ZT12-15: *t*(168.35) = -3.25, *p* = 0.003). Thus, increasing *N*-acylethanolamine signaling with long-lasting inhibition of FAAH increases NREM sleep time, but this does not produce the biphasic effect seen with JZL and CP47.

![FAAH Inhibition with AM3506 Increases NREM Sleep Time and Stability while Decreasing REM Sleep.\
**A,** Diagram of experimental protocol for recording sleep after administration of the long-lasting FAAH inhibitor AM3506. **B,** Quantification of NREM sleep time and architecture for the AM3506 experiment (*N* = 9). **C,** Quantification of REM sleep time and architecture. In all graphs, the grey shaded region denotes the dark photoperiod. Symbols represent mean±SEM for 3 Hr time bins. Asterisks denote significant difference from vehicle baseline. All injections administered at onset of dark photoperiod (ZT 12:00).](pone.0152473.g008){#pone.0152473.g008}

To ascertain the effect of FAAH inhibition on NREM architecture, we measured the number and duration of NREM bouts at 3 Hr time points across the circadian cycle ([Fig 8B](#pone.0152473.g008){ref-type="fig"}). There was an overall interaction for NREM bout duration (treatment x time of day within photoperiod, *F*(18, 148.23) = 2.79, *p* \< 0.001) and a secondary interaction between treatment and photoperiod (*F*(2, 75.68) = 3.54, *p* = 0.034). There was a significant increase in NREM bout duration during the second quarter of the dark photoperiod (ZT15-18: *t*(135.38) = 2.77, *p* = .013). The number of NREM bouts was not affected by treatment with AM3506. These findings demonstrate that FAAH inhibition promotes sleep by increasing NREM stability shortly after drug administration.

Similar to JZL, AM3506 reduced REM sleep ([Fig 8C](#pone.0152473.g008){ref-type="fig"}). For the percent time spent in REM, there was a nested interaction (time of day within photoperiod, *F*(6, 139.71) = 7.51, *p* \< 0.001) and main effects of treatment (*F*(2, 51.93) = 4.399, *p* = 0.017) and photoperiod (*F*(1, 112.07) = 227.69, *p* \< 0.001). Overall, AM3506 reduced REM sleep (*t*(47.65) = -2.75, *p* = 0.017), specifically during the third quarter of the DP (ZT18-21: *t*(158.67) = -2.54, *p* = 0.024) and first quarter of the LP (ZT00-03: *t*(158.67) = -3.05, *p* = 0.005). For the duration of REM bouts, there was a nested interaction (time of day within photoperiod, *F*(6, 132.64) = 3.99, *p* = 0.001) and main effects of treatment (*F*(2, 59.13) = 10.66, *p* \< 0.001) and photoperiod (*F*(1,105.96) = 7.72, *p* = 0.006). Overall, REM bouts were longer on the recovery day (*t*(60.507) = 2.74, *p* = 0.016), but AM3506 reduced REM bout duration across the DP (*t*(73.75) = -2.70, *p* = 0.017), specifically during the middle of the DP (ZT15-21: *t*(170.06) ≤ -2.61, *p* ≤ 0.020). Finally, for the number of REM bouts, there was a nested interaction (time of day within photoperiod, *F*(6, 142.95) = 5.23, *p* \< 0.001) and main effects of treatment (*F*(2, 46.33) = 4.39, *p* = 0.018) and photoperiod (*F*(1, 120.03) = 84.76, *p* \< 0.001). The number of REM bouts during the LP was reduced by AM3506 and on the recovery day (*t*(55.64) ≤ -2.80, *p* ≤ 0.014), specifically during the third quarter of the LP (ZT06-09: *t*(139.96) ≤ -2.68, *p* ≤ 0.017).

### EEG Power Spectral Measurements {#sec021}

The results of power spectral analysis of the EEG from the AM3506 experiment were very similar to those obtained following CP47 and JZL administration ([S7 Fig](#pone.0152473.s008){ref-type="supplementary-material"}). Specifically, increasing AEA tone with AM3506 had modest effects on delta and theta bandwidths, but it reduced gamma power during NREM and REM epochs. Thus, the attenuation of gamma oscillations, particularly during sleep, seems to be a consistent effect of increased eCB signaling.

Blockade of CB1 Fragments NREM Sleep and Substantially Alters Power Spectral Features of the EEG {#sec022}
------------------------------------------------------------------------------------------------

### Sleep Measurements {#sec023}

To determine if eCB/CB1 signaling is necessary for the normal circadian fluctuation in NREM and REM sleep, we performed experiments with the full, selective CB1 antagonist/inverse agonist AM281. Following AM281 administration, there was a substantial fragmentation of NREM sleep and a loss of REM, particularly when this drug was administered prior to the LP ([Fig 9](#pone.0152473.g009){ref-type="fig"}). Again, given that eCBs exhibit a circadian fluctuation that differs by brain region, it was not easy to predict *a priori* an optimal time to administer the drug, so two separate experiments were performed where AM281 was given at opposite points in the circadian phase, immediately before either the LP or DP. In both experiments, two doses of AM281, 0.5 mg/kg (low) and 5.0 mg/kg (high), were administered sequentially on consecutive days following a baseline day when vehicle was given ([Fig 10A](#pone.0152473.g010){ref-type="fig"}).

![Example EEG/EMG Traces on Different Time Scales Following Vehicle or AM281 Administration.\
EEG and EMG traces are from the same subject at the same stage of the circadian cycle after administration of either vehicle (**A**, **A'**, and left column of **C**) or 5 mg/kg AM281 (**B**, **B'**, and right column of **C**). Data are from experiment with AM281 administration before the LP. Panels **A** and **B** show a 2 Hr 15 min window from ZT 00:15--02:30, roughly 15--30 min after drug administration, coinciding with peak effects observed on sleep. Panels **A'** and **B'** show a 15 min long segment expanded from the region in **A** and **B** highlighted by the dashed orange box. Panel **C** shows representative 18 sec long data segments corresponding to NREM and wake obtained following vehicle and AM281 administration. These data segments were taken from the segments shown in **A** and **B**. The color-coded hypnogram shown at the bottom of **A**, **B**, **A'**, and **B'** represents consecutive 2 sec epochs shown as wake (red), NREM (blue), REM (green), and unclassified (grey). Note the loss of REM sleep and fragmentation of NREM following AM281 administration. Black traces depict EEG, red traces depict EMG. **A** and **B** are identically scaled. **A'** and **B'** are identically scaled. All traces in **C** are identically scaled.](pone.0152473.g009){#pone.0152473.g009}

![Blockade of CB1 Has Minimal Effects on NREM Sleep Time but Fragments NREM, Resulting in Reduced REM Sleep.\
**A,** Schematic overview of experimental paradigm. **B,** Effect of administering different doses of AM281 at the onset of the DP (ZT 12:00, *N* = 12). **C,** Effect of administering different doses of AM281 at the onset of the LP (ZT 00:00, *N* = 9). **B & C,** Measures of NREM (top row) and REM (bottom row) sleep time and architecture are shown. In all graphs, grey shaded regions denote the the DP. Asterisks (\*) denote significant pair-wise comparisons between drug conditions and measures obtained during vehicle baseline. Symbols represent means±SEM across all subjects for each 3 Hr time bin.](pone.0152473.g010){#pone.0152473.g010}

When AM281 was administered prior to the DP ([Fig 10B](#pone.0152473.g010){ref-type="fig"}, top row), NREM sleep time was affected by an overall interaction (treatment x time of day within photoperiod, *F*(18, 198.82) = 10.27, *p* \< 0.001) with a main effect of photoperiod (*F*(1, 169.19) = 836.77, *p* \< 0.001). Only the high dose of AM281 produced effects on NREM sleep time, and the magnitude of these effects was small. Specifically, there was an increase in NREM sleep time during the first quarter of the DP (*t*(261.07) = 2.93, *p* = 0.007) and a decrease during the second quarter (*t*(261.09) = -3.20, *p* = 0.003). The effect on NREM bout duration was more pronounced with a significant overall interaction (treatment x time of day within photoperiod, *F*(18, 201.36) = 7.20, *p* \< 0.001) and main effects of both treatment (*F*(2, 69.38) = 3.86, *p* = 0.026) and photoperiod (*F*(1, 163.20) = 86.17, *p* \< 0.001). Following administration of high dose AM281, there was an overall reduction in NREM bout duration (*t*(72.79) = -2.64, *p* = 0.020) with a significant reduction during the second quarter of the DP (ZT15-18: *t*(205.68) = -3.02, *p* = 0.006). The number of NREM bouts was also affected by an overall interaction (*F*(18, 204.63) = 3.46, *p* \< 0.001) with main effects of both treatment (*F*(2, 61.58) = 3.30, *p* = 0.043) and photoperiod (*F*(1, 173.11) = 25.90, *p* \< 0.001). However, this result was largely driven by an increased number of NREM bouts during the first quarter of the DP following high dose AM281 (ZT612-15: *t*(181.59) = 4.81, *p* \< 0.001). Thus, administration of AM281 prior to the DP yields subtle effects on sleep time but decreases the stability of NREM bouts.

REM sleep was disrupted by AM281, but the effect size was small as baseline REM is normally very low during the DP, when mice are most active ([Fig 10B](#pone.0152473.g010){ref-type="fig"}, bottom row). For the percent of time spent in REM, there was a nested interaction (time of day within photoperiod, *F*(6, 187.08) = 16.15, *p* \< 0.001) and main effects of both treatment (*F*(2, 85.82) = 4.28, *p* = 0.017) and photoperiod (*F*(1, 149.93) = 377.93, *p* \< 0.001). Overall, 5 mg/kg AM281 decreased REM sleep (*t*(89.77) = -2.92, *p* = 0.009), particularly during the third quarter of the DP (ZT18-21: *t*(241.64) = -2.88, *p* = 0.009). REM bout duration was affected by an overall interaction (treatment x time of day within photoperiod, *F*(12, 176.73) = 2.60, *p* = 0.003), nested interaction (time of day within photoperiod, *F*(6, 169.25) = 6.37, *p* \< 0.001), and main effect of photoperiod (*F*(1, 151.57) = 24.16, *p* \< 0.001). The 0.5 mg/kg dose of AM281 increased REM bout duration during the second quarter of the DP (ZT15-18: *t*(179.07) = 3.04, *p* = 0.005). There was no effect of AM281 on the number of REM bouts.

When AM281 was administered prior to the LP, overall sleep time did not change substantially, but there was a profound fragmentation of NREM ([Fig 10C](#pone.0152473.g010){ref-type="fig"}, top row). For NREM sleep time, there was an overall interaction (treatment x time of day within photoperiod, *F*(18, 146.08) = 8.76, *p* \< 0.001), a secondary interaction (treatment x photoperiod, *F*(2, 102.87) = 3.31, *p* = 0.040) and main effects of both treatment (F(2, 81.59) = 3.97, *p* = 0.023) and photoperiod (*F*(1, 122.15) = 383.92, *p* \< 0.001). When delivered at the onset of the LP, AM281 increased overall NREM sleep time (*t*(84.01) = 2.74, *p* = 0.015), but a comparison between photoperiods found that NREM sleep time was only increased during the DP (low dose: *t*(91.65) = 2.38, *p* = 0.039; high dose: *t*(91.65) = 2.84, *p* = 0.011). More specifically, there was a significant increase in NREM following high dose AM281 during the first 3 Hr of the DP (ZT12-15: *t*(191.99) = 3.15, *p* = 0.004), which was the same point in the circadian cycle when NREM sleep time was increased in the experiment where AM281 was delivered before the DP. For NREM bout duration, there was an overall interaction (treatment x time of day within photoperiod, *F*(18, 141.98) = 4.74, *p* \< 0.001), a secondary interaction (treatment x photoperiod, *F*(2, 82.68) = 12.61, *p* \< 0.001), and main effects of both treatment (*F*(2, 59.88) = 9.86, *p* \< 0.001) and photoperiod (*F*(1, 109.96) = 31.83, *p* \< 0.001). High dose AM281 substantially reduced NREM bout duration (*t*(62.07) = -4.42, *p* \< 0.001), particularly during the LP (*t*(69.68) = -6.23, *p* \< 0.001). More specifically, NREM bout duration was reduced for the first 3 Hr of the LP following low dose AM281 (ZT00-03: *t*(176.12) = -2.82, *p* = 0.011) and for the first 9 Hr following high dose AM281 (ZT00-09: *t*(176.12) ≤ -3.46, *p* ≤ 0.001). The number of NREM bouts was affected in the opposite manner. There was an overall interaction (treatment x time of day within photoperiod, *F*(18, 144.093) = 3.266, *p* \< 0.001), a secondary interaction (treatment x photoperiod, *F*(2, 78.77) = 13.65, *p* \< 0.001), and main effects of both treatment (*F*(2, 53.14) = 19.99, *p* \< 0.001) and photoperiod (F(1, 113.94) = 148.145, *p* \< 0.001). High dose AM281 increased the number of NREM bouts (*t*(63.61) = 6.79, *p* \< 0.001) particularly during the first 9 Hr of the LP (ZT00-09: *t*(159.32) ≥ 4.22, *p* \< 0.001), and both doses increased the number of NREM bouts during the second quarter of the DP (ZT15-18: *t*(159.32) ≥ 2.31, *p* ≤ 0.045). Thus, blockade of CB1 receptors greatly fragments NREM sleep, but opposing effects on NREM bout duration and the number of NREM bouts result in subtle changes in total sleep time.

In addition to the effects on NREM sleep, REM sleep time was significantly reduced following AM281 administration prior to the LP ([Fig 10C](#pone.0152473.g010){ref-type="fig"}, bottom row). For the percent of time spent in REM sleep, there was a secondary interaction (treatment x photoperiod, *F*(2, 95.51) = 36.30, *p* \< 0.001), nested interaction (time of day within photoperiod, *F*(6, 143.275) = 11.15, *p* \< 0.001), and main effects of both treatment (*F*(2, 74.2) = 21.38, *p* \< 0.001) and photoperiod (*F*(1, 116.42) = 68.40, *p* \< 0.001). Both low and high dose AM281 reduced REM sleep during the LP (*t*(84.01) ≤ -4.22, *p* \< 0.001). Low dose AM281 reduced REM sleep during the first 6 Hr of the LP (ZT00-06: *t*(190.28) ≤ -3.30, *p* ≤ 0.002), and high dose AM281 reduced REM at all times during the LP (ZT00-12: *t*(190.28) ≤ -3.40, *p* ≤ 0.002). For REM bout duration, there was a secondary interaction (treatment x photoperiod, *F*(2, 81.71) = 7.10, *p* = 0.001), nested interaction (time of day within photoperiod, *F*(6, 139.18) = 5.34, *p* \< 0.001), and a main effect of treatment (*F*(2, 56.07) = 3.35, *p* = 0.042). The high dose of AM281 reduced REM bout duration during the LP (*t*(64.52) = -4.05, *p* \< 0.001), particularly during the first 9 Hr of the LP (ZT00-09: *t*(156.05) ≤ -2.31, *p* ≤ 0.044). For the number of REM bouts, there was an overall interaction (treatment x time of day within photoperiod, *F*(12, 133.54) = 1.85, *p* = 0.046), secondary interaction (treatment x photoperiod, *F*(2, 68.89) 7.463, *p* = 0.001), nested interaction (time of day within photoperiod, *F*(6, 127.15) = 3.99, *p* = 0.001), and main effects of both treatment (*F*(2, 46.46) = 6.39, *p* = 0.004) and photoperiod (*F*(1, 99.89) = 59.86, *p* \< 0.001). The number of REM bouts were reduced by high dose AM281 during the LP (*t*(54.99) = -4.49, *p* \< 0.001) and increased by low dose AM281 during the DP (*t*(54.65) = 2.44, *p* = 0.036). At the high dose, AM281 reduced the number of REM bouts across most of the LP (ZT00-06 & 09--12: *t*(162.69) ≤ -2.67, *p* = 0.002), while low dose AM281 decreased the number of REM bouts during the second quarter of the LP (ZT03-06: *t*(162.62) = -3.30, *p* = 0.002) and increased REM bouts during the third quarter of the DP (ZT18-21: *t*(157.68) = 2.51, *p* = 0.026). Thus, blockade of CB1 signaling fragments NREM and decreases REM sleep, suggesting that this receptor is necessary for NREM stability.

### EEG Power Spectral Measurements {#sec024}

Given that blockade of endocannabinoid signaling through CB1 fragments NREM sleep, we hypothesized that power spectral features associated with sleep might be disrupted after acute administration of CB1 antagonists. Administration of AM281 before the LP had large effects on power spectral features of the EEG across vigilance states, but the nature of these effects was different across states ([Fig 11A--11C](#pone.0152473.g011){ref-type="fig"}). Notably, the power of low frequencies (\< 8 Hz) was consistently increased, and high frequencies (gamma, \> 30 Hz) were much less affected by CB1 blockade. These effects lasted for most of the day, and a similar time course was observed in experiments where AM281 was administered before the DP ([S8 Fig](#pone.0152473.s009){ref-type="supplementary-material"}), suggesting that this effect is not modulated by circadian processes.

![Blockade of CB1 Receptors Produces Broadband Changes in EEG Power Spectral Features.\
Results are from experiment where AM281 was administered at the onset of the LP. **A---C**, Average of power spectra for each photoperiod and for each vigilance state across different days of the experiment. Solid lines indicate mean of all subjects as a function of frequency, and shaded regions surrounding lines denotes standard error of the mean. **A,** Power spectra from wake epochs. **B**, Power spectra from NREM epochs. **C**, Power spectra from REM epochs. **D--F**, Average power in specified bandwidths in each state for 3 Hr epochs over the day. Data from each vigilance state are color coded with wake in red (**D**), NREM in blue (**E**), and REM in green (**F**). Gray backgrounds indicate the DP. Asterisks (\*) denote significant pair-wise comparisons between drug conditions and measures obtained during vehicle baseline. Symbols represent means±SEM across all subjects (*N* = 9) for each 3 Hr time bin.](pone.0152473.g011){#pone.0152473.g011}

As for we did for CP47, AM3506, and JZL184 we quantified power spectral bandwidths (delta, theta, and gamma) in 3 Hr time bins over the entire recording ([Fig 11D--11F](#pone.0152473.g011){ref-type="fig"}). During wake epochs ([Fig 11D](#pone.0152473.g011){ref-type="fig"}) there was a significant interaction (treatment x time of day within photoperiod, *F*(24, 229.63) = 5.26, *p* \< 0.001) with main effects of both treatment (*F*(3, 73.99) = 42.19, *p* \< 0.001) and photoperiod (*F*(1, 154.27) = 127.39, *p* \< 0.001) for delta power. Only the 5.0 mg/kg dose significantly elevated wake delta relative to vehicle (*t*(53.52) = 7.21, *p* \< 0.001), and comparisons at individual time points found that this effect lasted for 18 Hr after drug administration (ZT00-18: *t*(83.70) \> 3.13, *p* ≤ 0.007). Wake theta power was also modulated by a significant interaction (*F*(24, 228.72) = 3.23, *p* \< 0.001) and main effects of both treatment (*F*(3, 69.952) = 20.74, *p* \< 0.001) and photoperiod (*F*(1, 157.78) = 13.20, *p* \< 0.001). Again, only the high dose of AM281 significantly elevated theta power over the circadian cycle (*t*(50.532) = 5.35, *p* \< 0.001), and theta power was increased over the first 18 Hr of the recording period (ZT00-18: *t*(80.45) \> 3.97, *p* \< 0.001). Analysis of wake gamma power also found an overall interaction (*F*(24, 227.65) = 8.013, *p* \< 0.001) with a main effect of photoperiod (*F*(1, 143.48) = 89.70, *p* \< 0.001), but no pair-wise comparisons between treatment conditions and the vehicle baseline reached significance.

AM281 also altered EEG power spectra during NREM epochs ([Fig 11E](#pone.0152473.g011){ref-type="fig"}). For NREM delta power, there was a significant overall interaction (*F*(24, 229.40) = 9.84, *p* \< 0.001) with a main effect of treatment (*F*(3, 80.45) = 28.89, *p* \< 0.001). 5 mg/kg AM281 produced an overall increase in NREM delta power (*t*(58.23) = 5.54, *p* \< 0.001) with pair-wise differences noted across the vast majority of the recording (ZT00-21: *t*(88.09) ≥ 2.53, *p* ≤ 0.039). There was also an overall interaction for NREM theta power (*F*(24, 235.54) = 6.31, *p* \< 0.001) with main effects of both treatment (*F*(3, 148.62) = 35.06, *p* \< 0.001) and photoperiod (*F*(1, 135.42) = 5.438, *p* = 0.21). 5 mg/kg AM281 increased the overall power in the theta bandwidth during NREM sleep (*t*(118.00) = 5.01, *p* \< 0.001) with specific pair-wise comparisons over the majority of the recording (ZT00-21: *t*(150.13) ≥ 2.86, p ≤ 0.014). Finally, analysis of NREM gamma found an overall interaction (*F*(24, 233.59) = 14.55, *p* \< 0.001) with main effects of both treatment (F(3, 121.33) = 7.128, *p* \< 0.001) and photoperiod (*F*(1, 127.916) = 93.21, *p* \< 0.001), but there were no significant differences between AM281 and vehicle.

The CB1 antagonist also affected EEG spectral content during REM ([Fig 11F](#pone.0152473.g011){ref-type="fig"}). For REM delta power, there was an overall interaction (*F*(24, 217.83) = 1.68, *p* = 0.028) with a main effect of treatment (*F*(3, 54.98) = 7.64, *p* \< 0.001). 5.0 mg/kg AM281 increased delta power during REM sleep epochs across the day (*t*(40.91) = 2.82, *p* \< 0.022), but this was mainly due to increased REM delta during the first 9 Hr (ZT00-09: *t*(76.78) ≥ 3.54, *p* ≤ 0.002). For REM theta power, there was a secondary interaction (treatment x photoperiod, *F*(3, 146.49) = 9.23, *p* \< 0.001) with main effects of both treatment (*F*(3, 51.66) = 19.22, *p* \< 0.001) and photoperiod (*F*(1, 219.58) = 18.05, *p* \< 0.001). Overall, 5.0 mg/kg AM281 increased REM theta power (*t*(39.91) = 5.23, *p* \< 0.001), particularly during the first 15 Hr of the recording (ZT00-15: *t*(85.58) ≥ 3.92, p ≤ 0.001). There was a treatment x photoperiod interaction for REM gamma power (*F*(3, 168.32) = 3.61, *p* = 0.015) with a main effect of photoperiod (*F*(1, 196.66) = 8.13, *p* = 0.005). Overall, REM gamma was augmented by the high dose of AM281 during the light photoperiod (*t*(51.71) = 3.12, *p* = 0.009), but there were no differences at specific time points. Thus, blockade of CB1 receptors produces broadband changes in the EEG waveform that are particularly evident in lower frequencies irrespective of vigilance state.

eCB Signaling is Not Necessary for Sleep Homeostasis but is Required for the Stability of Rebound Sleep {#sec025}
-------------------------------------------------------------------------------------------------------

Measures of EEG delta and theta power are frequently used as an index of sleep drive \[[@pone.0152473.ref044], [@pone.0152473.ref050], [@pone.0152473.ref051]\], and according to this interpretation, the large increase in NREM delta power following administration of AM281 may be indicative of augmented sleep homeostatic drive. Thus, we sought to test this possibility by administering AM281 following 6 Hr of total sleep deprivation (TSD) using a rotating disc paradigm ([Fig 12A](#pone.0152473.g012){ref-type="fig"} & [S1 Fig](#pone.0152473.s002){ref-type="supplementary-material"}). Measurements of sleep during the deprivation period clearly show that this method was successful in achieving TSD for 6 Hr ([Fig 12B](#pone.0152473.g012){ref-type="fig"}).

![Endocannabinoid Signaling Is Necessary for the Rebound in NREM Duration Following Sleep Deprivation, but Blockade of CB1 Has only a Weak Effect on the Rebound in Total Sleep Time.\
**A**, Schematic overview of sleep deprivation experimental paradigm. **B**, Time course of NREM sleep time across all days of sleep deprivation experiment. Horizontal red bar on the *Sleep Dep* day indicates when sleep deprivation took place. Vertical dotted lines denote boundaries between experimental phases. Blue symbols/lines show AM281 group (*N* = 9) while the vehicle group (*N* = 11) is depicted in black. Downward facing arrows () indicate time of drug administration. **C**, Comparisons of total NREM sleep time (top), NREM bout duration (middle), and the number of NREM bouts (bottom) on the first baseline day (vehicle administration all groups) and first day of recovery (vehicle or AM281 administration). Asterisks (\*) denote significant pair-wise comparisons within-groups between drug conditions and measures obtained during vehicle baseline. Daggers (**†**) denote significant pair-wise comparisons between groups on the recovery day. In **B** & **C**, Grey shaded regions indicate the DP, and symbols/bars represent means±SEM across all subjects for each 3 Hr time bin.](pone.0152473.g012){#pone.0152473.g012}

Examination of the percent of time subjects spent in NREM sleep ([Fig 12C](#pone.0152473.g012){ref-type="fig"}, top) found an overall interaction (group x time of day within photoperiod within experimental phase, *F*(24, 213.06) = 10.34, *p* \< 0.001) with main effects of experimental phase (*F*(1, 112,24) = 8.26, *p* \< 0.005) and photoperiod (*F*(1, 165.42) = 187.28, *p* \< 0.001). In general, subjects engaged in more NREM sleep following sleep deprivation (*t*(112.24) = 2.88, *p* = 0.005), indicating a significant NREM rebound. Compared to baseline, the vehicle group spent significantly more time in NREM during the first 3 Hr of recovery (ZT06-09: *t*(286.99) = 2.40, *p* = 0.017) and during the first 3 Hr of the DP (ZT12-15: *t*(286.99) = 3.08, *p* = 0.002). Similarly, the AM281 group had increased NREM sleep during the first 3 Hr of the DP (ZT12-15: *t*(286.99) = 1.99, *p* = 0.47). There were no differences in the amount of NREM sleep between the vehicle and AM281 treatment groups during either baseline or recovery. Additionally, there was no difference between treatment groups in the recovery of the sleep deficit induced by the 6 Hr TSD protocol ([S9 Fig](#pone.0152473.s010){ref-type="supplementary-material"}). Thus, both groups displayed an augmentation of NREM sleep time following 6 Hr sleep deprivation, and the two groups did not differ in regards to the total amount of sleep obtained during recovery from sleep deprivation.

In contrast, there were significant between-group differences for NREM architecture during recovery from sleep deprivation. For NREM bout duration (stability; [Fig 12C](#pone.0152473.g012){ref-type="fig"}, middle), there was an overall interaction (group x time of day within photoperiod within experimental phase, *F*(24, 213.74) = 8.66, *p* \< 0.001) with main effects of treatment group (*F*(1, 76.81) = 7.14, *p* = 0.009) and photoperiod (*F*(1, 158.63) = 37.26, *p* \< 0.001). The AM281 group had reduced NREM stability compared to the vehicle group (*t*(76.81) = -2.67, *p* = 0.009), with specific differences evident at two time points of recovery (ZT06-09: *t*(256.30) = -3.63, *p* \< 0.001; ZT00-03: *t*(256.30) = -2.47, *p* = 0.014). There were no between-group differences during the baseline recordings. Relative to their own baseline, the vehicle group had increased NREM stability during the first 3 Hr of recovery (ZT06-09: *t*(265.32) = 3.95, *p* \< 0.001), but the AM281 treated mice did not show increased NREM stability following TSD. Rather, the AM281 group had decreased NREM stability during the second half of the recording (ZT18-21 & 00--03: *t*(265.32) ≤ -1.99, *p* ≤ 0.048). For the number of NREM bouts ([Fig 12C](#pone.0152473.g012){ref-type="fig"}, bottom), there was an overall interaction (group x time of day within photoperiod within experimental phase, *F*(24, 220.93) = 2.95, *p* \< 0.001) and a main effect of photoperiod (*F*(1, 174.17) = 17.77, *p* \< 0.001). There were no differences between groups during baseline, but the AM281 group had significantly more NREM bouts than the vehicle group during the first three hours of recovery (ZT06-09: *t*(169.85) = 2.16, *p* = 0.032). Relative to their own baseline, the vehicle group increased the number of NREM bouts during the first quarter of the DP (ZT12-15: *t*(177.13) = 2.20, *p* = 0.029). These findings show that AM281 blocks the increase in NREM stability during recovery from TSD and increases the number of NREM bouts to compensate.

REM sleep was also affected by TSD with reduced REM early in recovery in both the AM281 and vehicle groups ([S10 Fig](#pone.0152473.s011){ref-type="supplementary-material"}). Late in the recovery, there was increase in REM sleep in the AM281 treated group due to an increase in the number of REM bouts. Consistent with our previous experiments, blockade of CB1 receptors produced a large increase in low frequency oscillations that occluded any changes due to sleep deprivation ([S11 Fig](#pone.0152473.s012){ref-type="supplementary-material"}). However, wake theta power did increase during the sleep deprivation period ([S11 Fig](#pone.0152473.s012){ref-type="supplementary-material"}, panel B). Thus, power spectral results cannot be used as an index of homeostatic drive in this experiment as they are confounded by the baseline effects of CB1 antagonism.

Discussion {#sec026}
==========

The major findings of this work are that eCB signaling through the CB1 receptor is necessary and sufficient for the stability of NREM sleep. Direct activation of CB1 with CP47 or increasing eCB tone with JZL or AM3506 augmented the time spent in NREM primarily due to increased NREM bout length. This suggests that increasing eCB signaling stabilizes the NREM state. Notably these effects were biphasic, where the initial increase in sleep and NREM stability gave way to a secondary reduction and destabilization of NREM bouts suggesting that homeostatic regulation of sleep remained intact. Further support for the role of eCBs in regulating NREM stability comes from experiments with the CB1 antagonist AM281, where blockade of CB1 reduced the duration of NREM bouts. Importantly, this effect was largely offset by a concomitant increase in the number of NREM bouts resulting in minimal changes in overall sleep time. Again, the opposing effects of reduced NREM bout duration and number suggest homeostatic regulation of sleep remains intact in the absence of CB1 signaling. However, CB1 blockade consistently resulted in substantial broadband changes to EEG power spectra, particularly in low frequency bandwidths that are often used as correlates of sleep drive. To test the involvement of eCB signaling in sleep homeostatic processes, we administered AM281 immediately prior to a recovery from TSD. Blockade of CB1 during recovery from TSD did not occlude the rebound in NREM sleep time following TSD, but it did completely block the increased stability (bout duration) of NREM sleep. Unfortunately, the baseline effects of CB1 antagonism on EEG power spectra hobbled our attempts to use this as a metric of sleep drive. Thus, the major conclusion from this work is that eCBs regulate sleep stability, but eCB signaling is not necessary for sleep homeostasis.

Validity and Robustness of State-Scoring Algorithm {#sec027}
--------------------------------------------------

In order to perform the series of experiments described herein, we needed to find a way to score mouse polysomnographic data in an accurate and timely manner, so we developed and validated the state-space based approach. Our method was heavily influenced by previous reports, but we modified and extended this work, in part by automating the state-assignment process after state-space coordinates have been defined. Discrete fourier analysis is the basis of this approach, because the state-space coordinates are derived from power spectral ratios similar to those used by others \[[@pone.0152473.ref036], [@pone.0152473.ref038], [@pone.0152473.ref039], [@pone.0152473.ref052], [@pone.0152473.ref053]\]. The use of power spectral ratios (effectively normalizing the FFT) to define state-space coordinates, as opposed to raw power spectral values \[[@pone.0152473.ref054]\], means that our method of state-scoring is robust to changes in the FFT, and this is evidenced by our experimental results. Activating CB1/eCB signaling with CP47, JZL, or AM3506 produced only modest effects on power spectral measurements, but these drugs had large biphasic effects on measures of sleep time. Importantly, the effects of these drugs on sleep and EEG power spectra were not temporally aligned. In contrast, CB1 blockade consistently produced broadband changes in EEG power spectra that were most evident for low frequency bandwidths, and these effects were evident irrespective of the time of day of drug administration or if CB1 was blocked following TSD. However, CB1 antagonism did not produce substantial effects on total sleep time and the magnitude of effects on sleep architecture varied with time of drug administration. Thus, while CB1 antagonism consistently and substantially alters EEG power spectra, the time course of these effects are not aligned with changes in the sleep score or even sleep architecture. Consequently, the various data sets presented here show large changes in sleep in the absence of substantial changes in state-dependent EEG power spectra (direct and indirect CB1 agonists) and large changes in power spectra in the absence of substantive changes in sleep time (CB1 antagonism). Therefore, we conclude that in addition to performing comparably to human scoring, our vigilance state scoring algorithm is robust to cannabinoid pharmacological manipulations that alter EEG power spectra.

The Biphasic Effects of Augmented eCB Signaling {#sec028}
-----------------------------------------------

The early facilitation of NREM sleep seen in the present study following activation of CB1 is largely in agreement with earlier findings \[[@pone.0152473.ref006]--[@pone.0152473.ref011], [@pone.0152473.ref013]--[@pone.0152473.ref015], [@pone.0152473.ref029], [@pone.0152473.ref032]\], but the secondary (wake promoting/sleep fragmenting) effect of CP47 and JZL to reduce NREM sleep at a time of day when mice normally engage in most of their daily sleep is a novel finding. It should be mentioned that JZL had lower magnitude effects (change from vehicle) on NREM when it was administered before the LP, and did not produce substantial fragmentation of sleep during the subsequent DP. It is unclear why a secondary process was not evident in this experiment, but the acute augmentation of sleep stability was, in this case, synchronized with the normal time of day when mice are inactive. Thus, there was no perturbation in the circadian timing or homeostatic regulation of NREM and wake as in experiments where JZL, CP47, and AM3506 were administered before the DP.

Based on several observations, we hypothesize that the sleep fragmentation during the secondary phase of CP47, JZL, and AM3506 effects is due to a rapid reduction in CB1 signaling. First, JZL selectively increases 2-AG levels via inhibition of MAGL, and both CP47 and 2-AG are highly potent, full agonists at the CB1 receptor \[[@pone.0152473.ref055]--[@pone.0152473.ref057]\]. In contrast, as an irreversible inhibitor of FAAH, AM3506 increases *N*-acylethanolamine transmitters for several days \[[@pone.0152473.ref049]\], and AEA is only a weakly efficacious agonist at CB1 \[[@pone.0152473.ref058]\]. This discrepancy could explain the difference in the magnitude of effects seen between these drugs. On the other hand, the lack of any effect of URB597 even during the first few hours of the recording is surprising, and it is possible that the early induction of sleep by AM3506 could be due to off-target augmentation of 2-AG. However, administration of exogenous AEA increases NREM sleep \[[@pone.0152473.ref013], [@pone.0152473.ref014]\], and administration of THC, a partial agonist at CB1, also increases NREM sleep (unpublished observation). Thus, partial activation of CB1 with endogenous *N*-acylethanolamines is likely to have hypnogenic effects. Second, following acute activation, CB1 receptors are rapidly down-regulated on a time scale compatible with the biphasic effects of CP47 and JZL \[[@pone.0152473.ref059], [@pone.0152473.ref060]\]. As these compounds are slowly eliminated in the hours following injection, receptor function will be decreased compared to baseline. Although data on diurnal expression of CB1 are extremely limited, a few studies have provided evidence that CB1 accumulates in brain and neuroendocrine tissue during the DP \[[@pone.0152473.ref061], [@pone.0152473.ref062]\]. Thus, it is possible that diurnal fluctuations in CB1 expression could account for the blunted biphasic effects seen with JZL administration before the LP. Third, NREM fragmentation was also observed in the present study following administration of CB1 antagonists, and CB1 knockout mice also have fragmented sleep \[[@pone.0152473.ref024], [@pone.0152473.ref025]\].

On the Timing of Drug Administration {#sec029}
------------------------------------

Although CB1 blockade consistently reduced NREM bout duration, the effects were greatest when AM281 was administered at the onset of the LP. Similarly, JZL had differential effects on sleep depending on the circadian timing of drug administration. When JZL was administered either before the LP or the DP, it increased NREM sleep time and bout duration, but the magnitude of these effects was blunted when the drug was given before the LP. Consequently, the timing of maximal effects for activation and inhibition of eCB signaling peaks at opposite poles of the circadian cycle, suggesting that eCB signaling interacts with or is controlled by circadian processes. These are not mutually exclusive possibilities, and there is evidence supporting both mechanisms. First, cannabinoids alter the light-induced phase-shift in activity in free running rodents \[[@pone.0152473.ref063], [@pone.0152473.ref064]\], suggesting that CB1 can influence entrainment to photic stimulation. Additionally, eCB levels fluctuate over the circadian period in a brain-region dependent manner \[[@pone.0152473.ref033], [@pone.0152473.ref034]\], suggesting that eCB signaling may be under circadian regulation. In fact, levels of AEA and 2-AG are lowest in cortical and hypothalamic tissues at the onset of the DP \[[@pone.0152473.ref033]\], and in the present work, administration of CB1 antagonists at this time point produced smaller effects on sleep architecture. Thus, our findings provide evidence that changing levels of the molecular components of the eCB system have functional consequences for eCB regulation of vigilance states.

eCBs and EEG Power Spectra {#sec030}
--------------------------

NREM delta power has been used as an index for sleep homeostatic drive because of the correlation of this measure with the difference in cumulative time awake versus asleep \[[@pone.0152473.ref044], [@pone.0152473.ref050], [@pone.0152473.ref051]\]. However, as Davis et al \[[@pone.0152473.ref065]\] point out, some pharmacological manipulations can dissociate alterations in delta power and changes in vigilance states, thus confounding NREM delta power as a metric of sleep homeostatic drive. This situation is clearly applicable to the current dataset, where CB1 antagonists increased delta power across all vigilance states without changing total sleep time. On the contrary, CB1 antagonists fragment NREM sleep, and this may lead one to speculate that the augmentation of delta is a response to poor sleep quality, and therefore, an increase in sleep drive. In fact, sleep fragmentation protocols are associated with increasing homeostatic sleep drive \[[@pone.0152473.ref066]--[@pone.0152473.ref068]\]. However, evidence from the current dataset argues against the hypothesis that the CB1 antagonist-induced increase in delta power is indicative of an increase in sleep homeostatic processes. First, the time course for augmented delta does not reflect a gradual increase that one would expect if homeostatic sleep drive were building over time with reduced sleep quality. Second, the rebound in total NREM sleep following 6 Hr sleep deprivation was not occluded by CB1 antagonists. Third, blockade of CB1 did not alter the rate of recovery from sleep deprivation.

It should be noted that we did not normalize our power spectral data as in other reports \[[@pone.0152473.ref017], [@pone.0152473.ref028], [@pone.0152473.ref029], [@pone.0152473.ref032]\], and our presentation of raw power spectral results may explain some discrepancies between our findings and those of others. It is not clear why other researchers have not observed the large augmentation of delta and theta power following administration of CB1 antagonists reported here. In fact, several reports have observed reduced delta and theta power following administration of CB1 antagonists \[[@pone.0152473.ref019], [@pone.0152473.ref028]\] while others have concluded that these drugs have little or no effect on the EEG power spectrum \[[@pone.0152473.ref029], [@pone.0152473.ref032]\]. We can only speculate that the variability in methods used to normalize power spectral bandwidths has contributed to these inconsistencies.

Although we observed no changes in low-frequency oscillations following drugs that activate eCB signaling (JZL, AM3506, CP47), gamma oscillations were consistently reduced, particularly during NREM and REM sleep. This result is consistent with previous reports suggesting reduced gamma power is a robust effect of increased CB1 activation \[[@pone.0152473.ref069]--[@pone.0152473.ref073]\]. Another consistent effect of cannabinoid agonists is to facilitate high-voltage spindles/spike wave discharges (HVS) \[[@pone.0152473.ref074]--[@pone.0152473.ref076]\], but in the present study, power spectral analysis found no changes in the HVS bandwidth. This is not surprising given that spindles are rare in C57 mice under baseline conditions \[[@pone.0152473.ref077], [@pone.0152473.ref078]\], so at 3--12 Hr time bins used here, spindle events would only account for a small fraction of the NREM epochs. Thus, it is highly likely that any changes would be averaged out with the analysis performed here. In all cases where cannabinoids have been reported to augment spindles and their respective power spectral correlates \[[@pone.0152473.ref074]--[@pone.0152473.ref076]\], some prior detection method has been implemented to isolate epochs containing these events before comparing power spectral features across drug conditions. Consequently, no conclusions regarding cannabinoid-induced changes in the incidence of spindles can be derived from the present results.

eCB Signaling and Sleep {#sec031}
-----------------------

Previous reports of CB1 antagonist effects in animal studies of sleep indicated either subtle augmentation of wake at the expense of NREM \[[@pone.0152473.ref015], [@pone.0152473.ref019], [@pone.0152473.ref028], [@pone.0152473.ref029]\] or no effect \[[@pone.0152473.ref013], [@pone.0152473.ref031], [@pone.0152473.ref032]\]. The subtle differences observed with respect to CB1 antagonist effects on sleep time across these studies are likely due to different doses and times of administration. Additionally, most of these studies used relatively short recordings (4--8 Hr). In the reports indicating increased wake time following administration of CB1 antagonists, the arousing properties of these drugs were only observed when summating across the entire recording. On the other hand, fragmentation of NREM has not been reported, but only a few studies have examined metrics of sleep architecture following administration of CB1 antagonists \[[@pone.0152473.ref029], [@pone.0152473.ref032]\]. Studies in CB1 KO mice have found significantly reduced NREM bout duration with an increased number of NREM bouts \[[@pone.0152473.ref024], [@pone.0152473.ref025]\]. REM sleep is consistently reduced following administration of CB1 antagonists \[[@pone.0152473.ref028], [@pone.0152473.ref029], [@pone.0152473.ref032], [@pone.0152473.ref079], [@pone.0152473.ref080]\], and reduced REM sleep is frequently associated with NREM fragmentation \[[@pone.0152473.ref067], [@pone.0152473.ref068]\]. In the present study, reductions in REM sleep time were associated with time points where there was noticeable fragmentation of NREM. Thus, it is likely that NREM fragmentation is a common outcome of CB1 antagonism, and this may give rise to reduced REM.

Importantly, a large reduction in REM sleep was seen following JZL administration before the LP. This finding was not as evident when this drug was administered prior to the DP, likely due to a floor effect as REM is very infrequent the DP. However, some impairment of REM was seen in all experiments in the present study with eCB/CB1 system activation and by others with THC administration \[[@pone.0152473.ref081]\], suggesting that suppression of REM is a consistent effect of globally increasing eCB signaling. Nevertheless, the similarity between the effect of JZL and AM281 to reduce REM is striking. In contrast to the NREM fragmentation evoked by AM281, facilitating eCB/CB1 signaling stabilizes NREM sleep, and the similar suppression of REM seen with these two opposite manipulations indicates that an optimal level of NREM stabilization must be achieved to allow for REM to emerge. On the neurobiological level, it is possible that the REM suppressing effects of CB1 antagonism and activation arise from different circuit elements controlling vigilance states. This would not be surprising for the eCB system, considering its molecular constituents are widespread throughout structures known to control sleep-wake transitions and considering CB1-activation reduces neurotransmission at both excitatory and inhibitory synapses. However, all drug administrations were performed systemically, so no specific conclusions about neurobiological loci can be drawn from the results presented herein.

According to the influential two-process model, sleep timing is regulated by interactions between homeostatic and circadian processes, where homeostatic control of sleep is defined as a mechanism that increases the propensity to sleep as a function of the amount of time spent awake \[[@pone.0152473.ref044], [@pone.0152473.ref051]\]. Changes in the amount of sleep arise from modulation of one of these two processes. Our data do not support a role for eCB signaling in sleep homeostasis. First, CB1 activation causes a biphasic response in NREM sleep time, increasing sleep during the DP and reducing it during the LP. This reduction in sleep time during the LP (secondary response) is the expected homeostatic response to increased sleep during the DP. Second, blockade of CB1 signaling does not substantially alter sleep time. While the duration of NREM bouts is reduced by CB1 antagonism, the compensatory increase in the number of bouts argues for an intact homeostatic mechanism. Finally, there was not a robust effect of CB1 blockade on rebound sleep time or the amount of sleep recovered following TSD. Consequently, we conclude that it is unlikely that eCB signaling is an essential component of sleep homeostatic machinery.

Relevance and Future Directions {#sec032}
-------------------------------

In both rodents and humans, chronic cannabinoid administration produces down-regulation of CB1 signaling \[[@pone.0152473.ref082], [@pone.0152473.ref083]\], and although sleep disturbances are a central feature of cannabis withdrawal in humans \[[@pone.0152473.ref084]\], there is marked paucity of objective studies describing exactly how sleep is disrupted much less a mechanism for these disruptions \[[@pone.0152473.ref085]\]. Interestingly, insomnia and poor sleep quality were commonly reported adverse effects in clinical trials with the CB1 antagonist rimonabant, but again, no objective measures of sleep were obtained \[[@pone.0152473.ref022], [@pone.0152473.ref023]\]. The rimonabant trial and trials with other CB1 antagonists were terminated due to the increased depression, anxiety, and suicidality that was associated with these drugs, so it is unlikely that any data pertaining to how CB1 antagonists affect human sleep will be forthcoming in the near future. Nevertheless, the self-reports of sleep disturbances from these clinical trials are interesting considering the association between insomnia and depression \[[@pone.0152473.ref086]\]. Our findings demonstrate that eCB signaling is necessary and sufficient for the control of sleep stability, but this neurotransmitter system is not necessary for sleep homeostasis.

Supporting Information {#sec033}
======================

###### Zip File Containing Data Relevant to This Manuscript.

(ZIP)

###### 

Click here for additional data file.

###### Sleep Deprivation Apparatus.

**A**, Exploded schematic view of structural components of the sleep deprivation chambers labelled with dimensions in inches. **B**, Photograph of an assembled device and a schematic of a top down view of the chamber. Note that the rotation described in the schematic implies rotation of the chamber floor/disc suspended beneath the clear acrylic chamber wall. Also note the commutator and tether in the photograph. Polysomnographic activity can be recorded in these chambers during the sleep deprivation. **C,** Schematic overview of assembled system including electronic control components: break-our board (BoB), Arduino, TTL controlled relay to control power circuit to motors, voltage regulator, and computer running custom control software written in MATLAB.

(PDF)

###### 

Click here for additional data file.

###### Vehicle Solution Does Not Alter Sleep Parameters in C57BL/6J Mice.

Data are from experiment with CP47 (*N* = 9), where subjects were administered a saline injection i.p. the day prior to the vehicle injection. The vehicle data depicted here are the same as those depicted in [Fig 4](#pone.0152473.g004){ref-type="fig"}. **A,** NREM sleep time or architecture. Top graph: Percent time in NREM was not affected by the vehicle solution. Middle graph: The duration of NREM bouts was not affected by vehicle injection. Bottom graph: The number of NREM bouts was not affected by the vehicle solution. **B**, REM sleep time and architecture. Top graph: The percent time in REM was not affected by vehicle injection. Middle graph: The duration of REM bouts was not affected by vehicle injection. Bottom graph: For the number of REM bouts, there was an overall interaction (treatment x time of day within photoperiod, *F*(6,98.77) = 2.63, *p* = 0.021), nested interaction (time of day within photoperiod, *F*(6, 95.49) = 6.56, *p* \< 0.001), and a main effect of treatment (*F*(1, 74.92) = 82.37, *p* \< 0.001). Overall, the vehicle solution did not alter the number of REM bouts when data were collapsed across the day or when comparisons were made with data collapsed within either LP or DP. However, there was a slight reduction in the number of REM bouts at one point in the LP (ZT06-09: *t*(82.02) = -2.10, *p* = 0.039). Given the small effect size, limited to only one measure of REM architecture in a very restricted timeframe many hours after the injection, we conclude that the vehicle solution used in this study has little or no effect on sleep in C57BL/6 mice. **C-E**, There were no obvious changes in EEG power spectra following vehicle administration. **C**, Power spectra from wake epochs. **D,** Power spectra from NREM epochs. **E**, Power spectra from REM epochs. In **A** & **B**, Grey shaded regions indicate the DP, and symbols/bars represent means±SEM across all subjects for each 3 Hr time bin.

(PDF)

###### 

Click here for additional data file.

###### Percent Agreement Between Automated and Human Scoring of Data by Vigilance State.

To compute percent agreement by vigilance state, each human's score and the computer's score were compared against a template derived from human scored data. This meant that for each human there were two possible templates, and these values were averaged together yielding one human:human percent agreement score per human scorer per each of 5 data files used (the data file with corrupt EMG channel used in overall percent agreement, [Fig 1C](#pone.0152473.g001){ref-type="fig"}, was excluded for this analysis as it was unscorable). Thus, for each data file there were three human:human measures and three computer:human measures. The state-specific percent agreement was calculated as the fraction of epochs where the scorer and template agreed that epochs were or were not a target state over the total number of epochs (% agreement = 100% x \[agree State + agree not State\]/total number of epochs). For each state (wake, NREM, and REM) a two-way repeated measures ANOVA was performed with data file as a repeated factor and scoring comparison (human:human vs. computer:human) as a between-groups factor. **A**, Results for percent agreement for wake epochs. There was an interaction between scoring type and datafile (*F*(4,16) = 3.82, *p* = 0.023) and a main effect of data file (*F*(4,16) = 21.92, *p* \< 0.001). However, there was a only a slight reduction in percent agreement for data file number 5 in the human:computer (*t*(20) = 4.14, *p* = 0.003). **B**, Results for percent agreement for NREM epochs. There was only a main effect of data file (*F*(4, 16) = 28.53, *p* \< 0.001). **C,** Results for percent agreement for REM epochs. There was only a main effect of data file (*F*(4, 16) = 33.18, *p* \< 0.001). **D,** Shows data collapsed across scorers and the results of a paired comparison by data file. Grey, connected points superimposed on the bar graph indicate mean human:human and computer:human agreement for each data file. A paired t-test was performed for each vigilance state. Percent agreement was not significantly different for human:human vs human:computer scored data for wake (*t*(4) = 1.94, *p* = 0.12), NREM (*t*(4) = 1.09, *p* 0.34), or REM (*t*(4) = 0.77, *p* = 0.48).

(PDF)

###### 

Click here for additional data file.

###### MAGL Inhibition with JZL184 Administration Before the LP Attenuates Gamma Frequency Oscillations During Sleep.

**A-C**, Average power spectra for epochs of different vigilance states across the entire LP (left hand) and DP (right hand). Solid lines denote means and shaded region around lines denotes SEM. **A**, Wake. **B**, NREM. **C**, REM. **D-F**, Change over the day in summated power in different frequency bandwidths from the power spectra: delta (left hand column), theta (middle column), and gamma (right hand column). **D, Wake epochs**. [Left panel:]{.ul} For wake delta, there was an overall interaction (treatment x time of day within photoperiod, *F*(24, 261.30) = 2.08, *p* = 0.003), nested interaction (time of day within photoperiod, *F*(6, 242.10) = 9.33, *p* \< 0.001), and a main effect of photoperiod (*F*(1, 134.75) = 6.88, *p* = 0.010). The only time point that significantly deviated from vehicle was during the first 3 Hr of the recovery day, when there was an increase in delta power (*t*(215.67) = 2.86, *p* = 0.018). [Middle panel:]{.ul} No effect of JZL184 on wake theta power. [Right panel:]{.ul} For wake gamma power, there was a nested interaction (time of day within photoperiod, *F*(6, 253.19) = 6.08, *p* \< 0.001) and main effects of both treatment (*F*(4,67.43) = 3.21, *p* = 0.018) and photoperiod (*F*(1, 179.51) = 115.90, *p* \< 0.001). Specifically, 16 mg/kg JZL reduced gamma power during the first 3 Hr of the LP (ZT 00--03: *t*(57.18) = -2.68, *p* = 0.038). **E, NREM epochs**. [Left panel:]{.ul} For NREM delta power, there was no effect of JZL treatment. [Middle panel:]{.ul} For NREM theta power, there was an overall interaction (treatment x time of day within photoperiod, *F*(24, 268.23) = 1.64, *p* = 0.033), a nested interaction (time of day within photoperiod, *F*(6, 238.31) = 20.36, *p* \< 0.001), and a main effect of photoperiod (*F*(1, 159.84) = 85.90, *p* \< 0.001). However, there were no specific time points where JZL184 significantly altered NREM theta power relative to vehicle. [Right panel:]{.ul} For NREM gamma power, there was an overall interaction (treatment x time of day within photoperiod, *F*(24, 267.36) = 2.46, *p* \< 0.001), a nested interaction (time of day within photoperiod, *F*(6, 234.97) = 31.18, *p* \< 0.001), and main effects of both treatment (*F*(4, 163.42) = 22.79, *p* \< 0.001) and photoperiod (*F*(1, 126.56) = 230.95, *p* \< 0.001). Overall, JZL had dose-dependent effects on NREM gamma, with decreases observed following 8.0 (*t*(145.58) = -3.45, *p* = 0.003) and 16.0 mg/kg doses (*t*(94.93) = -4.97, *p* \< 0.001). 8.0 mg/kg JZL decreased NREM gamma power for 18 Hr following drug administration (ZT 00--18: *t*(179.23) ≤ -2.71, *p* ≤ 0.030), and 16.0 mg/kg JZL reduced NREM gamma across the entire recording (ZT 00--00: *t*(116.56) ≤ -2.97, *p* ≤ 0.015). **F, REM epochs**. [Left panel:]{.ul} JZL had no effect on REM delta power. [Middle panel:]{.ul} JZL had no effect on REM theta power. [Right panel:]{.ul} For REM gamma, there was an overall interaction (treatment x time of day within photoperiod, *F*(24, 236.78) = 1.81, *p* = 0.014), a secondary interaction (treatment x photoperiod, *F*(4, 235.193) = 4.82, *p* = 0.001), a nested interaction (time of day within photoperiod, *F*(6, 217.40) = 15.30, *p* \< 0.001), and main effects of both treatment (*F*(4, 96.44) = 14.58, *p* \< 0.001) and photoperiod (*F*(1, 121.40) = 77.38, *p* \< 0.001). There was an overall dose-dependent effect of JZL on REM gamma power, with reduced gamma following both 8.0 (*t*(80.55) = -2.97, *p* = 0.015) and 16.0 mg/kg doses (*t*(49.88) = -4.32, *p* \< 0.001). The 8.0 mg/kg dose reduced REM gamma across all time points in the first 15 Hr following administration (ZT 00--15: *t*(113.90) ≤ -2.58, *p* ≤ 0.044), while the 16.0 mg/kg dose decreased gamma power for 18 Hr after administration (ZT 00--18: *t*(67.41) ≤ -3.12, *p* ≤ 0.011). Symbols/Bars represent mean±SEM for 3 hr time bins (*N* = 8). Grey background in graphs shows dark photoperiod. Asterisks denote significant difference from vehicle baseline. All injections administered at onset of LP (ZT 00:00).
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###### Direct Activation of CB1 with CP47,497 Attenuates Gamma Frequency Oscillations During Sleep.

**A-C,** Average power spectra for epochs of different vigilance states across the entire DP (left hand) and LP (right hand). Solid lines denote means and shaded region around lines denotes SEM. **A,** Wake. **B,** NREM. **C,** REM. **D-F,** Change over the day in summated power in different frequency bandwidths from the power spectra: delta (left hand column), theta (middle column), and gamma (right hand column). **D, Wake Epochs**. [Left panel:]{.ul} CP47 had no effect on wake delta power. [Middle panel:]{.ul} For wake theta power, there was a significant overall interaction (drug x time of day within photoperiod, *F*(15, 180.83) = 9.73, *p* \< 0.001) with a significant reduction in wake theta at only a single time point during the dark photoperiod (ZT 15--18: *t*(186.39) = -2.29, *p* = 0.047). [Right panel:]{.ul} For wake gamma, there was a significant overall interaction (drug x time of day within photoperiod, *F*(15, 179.99) = 3.04, *p* \< 0.001) with a main effect of photoperiod (*F*(1, 135.02) = 6.86, *p* = 0.010). However, there was not a difference at any specific time point between low or high dose CP47 and vehicle. **E, NREM Epochs.** [Left panel:]{.ul} For NREM delta there was an overall interaction (drug x time of day within photoperiod, *F*(15, 179.22) = 3.07, *p* \< 0.001). However, there were no pair-wise differences at any time point between high or low dose CP47 and vehicle. [Middle panel:]{.ul} For NREM theta power, there was an overall interaction (*F*(15, 180.85) = 2.79, *p* = 0.001) with main effect of photoperiod (*F*(1, 157.14) = 50.99, *p* \< 0.001). However, there were no pair-wise difference between drug treatment conditions and vehicle. [Right panel:]{.ul} For NREM gamma, there was an overall interaction (drug x time of day within photoperiod, *F*(15, 181.48) = 3.50, *p* \< 0.001), secondary interaction (drug x photoperiod, *F*(2, 184.76) = 8.82, *p* \< 0.001) with main effects of drug treatment (*F*(2, 175.98) = 7.13, *p* \< 0.001) and photoperiod (*F*(1, 174.89) = 11.39, *p* = 0.001). Specifically, 1.0 mg/kg CP47 reduced NREM gamma power during the first 9 Hr of the dark photoperiod (ZT12-21: *t*(191.79) = -2.38, *p* = 0.037). **F, REM Epochs.** [Left panel:]{.ul} There was no effect of CP47 treatment on REM delta power. [Middle panel:]{.ul} For REM theta power, there was an overall interaction (drug x time of day within photoperiod, *F*(15, 164.20) = 2.55, *p* = 0.002). High dose CP47 reduced REM theta power only during the first 3 Hr of recording (ZT12-15: *t*(150.16) = 3.14, *p* = 0.004). [Right panel:]{.ul} For REM gamma, there was an overall interaction (drug x time of day within photoperiod, *F*(15, 167.92) = 6.02, *p* \< 0.001) with a main effect of photoperiod (*F*(1, 134.36) = 14.73, *p* \< 0.001). Specifically, high dose CP47 reduced REM gamma power during the first 6 Hr of the dark photoperiod (ZT 12--18: *t*(172.91) = -3.20, *p* ≤ 0.003). Symbols/Bars represent mean±SEM for 3 hr time bins (*N* = 9). Grey background in graphs shows dark photoperiod. Asterisks denote significant difference from vehicle baseline. All injections administered at onset of DP (ZT 12:00).
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###### URB597 Does Not Produce Substantial Effects on Sleep When Administered Systemically.

**A,** Diagram of experimental protocol for recording sleep after administration of the reversible FAAH inhibitor, URB597. **B,** Effect of URB597 on NREM sleep time and architecture. [Left Graph:]{.ul} There was no effect of URB on NREM sleep time. [Middle Graph:]{.ul} For NREM bout duration, there was a nested interaction (time of day within photoperiod, *F*(22,609.62) = 3.04, *p* \< 0.001) and main effects of treatment (*F*(4, 312.20) = 56.45, *p* \< 0.001) and photoperiod (*F*(1,365.61) = 80.16, *p* \< 0.001). 10.0 mg/kg URB produced and overall increase in NREM bout duration (*t*(303.24) = 3.40, *p* = 0.003), specifically during the third hour of the DP (ZT14-15: *t*(1002.87) = 2.82, *p* = 0.020). [Right Graph:]{.ul} For the number of NREM bouts, there was a nested interaction (time of day within photoperiod, *F*(22,690.70) = 1.60, *p* = 0.041) and main effects of both treatment (*F*(4,198.00) = 2.97, *p* = 0.021) and photoperiod (*F*(1,253.69) = 88.28, *p* \< 0.001). Overall, 10.0 mg/kg URB reduced the number of NREM bouts (*t*(194.74) = -2.84, *p* = 0.020), but there were no differences at specific time points. **C,** Effect of URB597 of REM sleep time and architecture. [Left Graph:]{.ul} There was no effect of URB on REM sleep time. [Middle Graph:]{.ul} For REM bout duration, there was a nested interaction (time of day within photoperiod, *F*(22,478.80) = 2.31, *p* = 0.001) and main effects of drug treatment (*F*(4,249.61) = 3.80, *p* = 0.005) and photoperiod (*F*(1,302.99) = 11.14, *p* = 0.001). Overall, 10.0 mg/kg URB increased REM bout duration, specifically during the fifth hour of the DP (ZT16-17: *t*(726.45) = 2.54, *p* = 0.045). [Right Graph:]{.ul} For the number of REM bouts, there was a nested interaction (time of day within photoperiod, *F*(22,266.50) = 4.84, *p* = 0.001), and main effects of treatment (*F*(4, 266.50) = 4.84, *p* = 0.001) and photoperiod (*F*(1,318.73) = 152.30, *p* \< 0.001). Overall, 10.0 mg/kg URB reduced the number of REM bouts (*t*(263.14) = -2.90, *p* = 0.016), but there were several specific time points throughout the day when 10.0 mg/kg URB decreased the number of REM bouts (ZT17-18, 04--05, 09--10: *t*(955.91) ≤ -2.54, *p* ≤ 0.045). Symbols/Bars represent mean±SEM for 1 Hr time bins (*N* = 10). Grey background in graphs shows dark photoperiod. Asterisks denote significant difference from vehicle baseline.
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###### Long-lasting FAAH Inhibition with AM3506 Attenuates Gamma Frequency Oscillations During Sleep.

**A-C**, Average power spectra for epochs of different vigilance states across the entire DP (left hand) and LP (right hand). Solid lines denote means and shaded region around lines denotes SEM. **A**, Wake. **B**, NREM. **C**, REM. **D-F**, Change over the day in summated power in different frequency bandwidths from the power spectra: delta (left hand column), theta (middle column), and gamma (right hand column). **D, Wake epochs**. [Left panel:]{.ul} For wake delta power, there was an overall interaction (drug x time of day within photoperiod, *F*(12, 182.27) = 2.47, *p* = 0.005) and a secondary interaction (drug x photoperiod, *F*(2, 185.16) = 3.62, *p* = 0.029) with a main effect of photoperiod (*F*(1, 176.67) = 34.22, *p* \< 0.001). Specifically, there was increased wake delta power during the first half of the dark photoperiod on the recovery day (ZT 12--18: *t*(191.85) ≥ 2.94, *p* ≤ 0.007). [Middle panel:]{.ul} For wake theta power, there was an overall interaction (drug x time of day within photoperiod, *F*(12, 180.96) = 2.05, *p* = 0.022), but there were no pair-wise differences at any time point on either the drug or recovery days and vehicle. [Right panel:]{.ul} No effect of AM3506 treatment on wake gamma power. **E, NREM epochs**. [Left panel:]{.ul} For NREM delta power, there was an overall interaction (drug x time of day within photoperiod, *F*(12, 178.50) = 3.88, *p* \< 0.001) with a main effect of photoperiod (*F*(1, 115.69) = 6.88, *p* = 0.010). On the recovery day, NREM delta was elevated at one point during the dark photoperiod (ZT 15--18: *t*(151.37) = 2.55, *p* = 0.024). [Middle panel:]{.ul} No effect of AM3506 on NREM theta. [Right panel:]{.ul} For NREM gamma power, there was a secondary interaction (drug x photoperiod, *F*(2, 185.23) = 3.54, *p* = 0.031) and a nested interaction (time of day within photoperiod, *F*(6, 180.37) = 8.35, *p* \< 0.001) with a main effect of drug treatment (*F*(2, 171.77) = 9.94, *p* \< 0.001). Overall, AM3506 reduced NREM gamma (*t*(155.32) = -3.45, *p* = 0.001), and relative to vehicle, AM3506 specifically reduced NREM gamma across the first 18 Hr of the experiment (ZT 12--06: *t*(170.04) ≤ -2.42, *p* ≤ 0.033). **F, REM epochs**. [Left panel:]{.ul} No effect of AM3506 on REM delta power. [Middle panel:]{.ul} For REM theta, there was a significant overall interaction (drug x time of day within photoperiod, *F*(12, 157.56) = 1.96, *p* = 0.031) with a main effect of photoperiod (*F*(1, 104.31) = 6.78, *p* = 0.011). Compared to vehicle, REM theta was increased during the first 3 Hr immediately following administration of AM3506 (*t*(63.88) = 3.17, *p* = 0.005). [Right panel:]{.ul} For REM gamma power, there was an overall interaction (drug x time of day within photoperiod, *F*(12, 166.38) = 2.09, *p* = 0.020), a secondary interaction (drug x photoperiod, *F*(2, 172.23) = 3.29, *p* = 0.039) with main effects of drug (*F*(2, 148.36) = 8.64, *p* \< 0.001) and photoperiod (*F*(1, 146.71) = 19.90, *p* \< 0.001). Overall, REM gamma power was reduced following AM3506 administration (*t*(125.06) = -2.67, *p* = 0.017) with specific reduction in REM gamma during the first 9 Hr of the experiment (ZT 12--21: *t*(143.63) ≤ -3.10, *p* ≤ 0.005). Symbols/Bars represent mean±SEM for 3 Hr time bins (*N* = 9). Grey background in graphs shows dark photoperiod. Asterisks denote significant difference from vehicle baseline. All injections administered at onset of dark photoperiod (ZT 12:00).
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###### Power Spectral Features of EEG are Altered by Administration of the CB1 Antagonist AM281 Before the Dark Photoperiod.

**A---C**, Power spectra from different vigilance states averaged over 12 Hr light/dark photoperiods. Dark lines represent group means and shaded regions surrounding the lines represent SEM. **A**, Wake. **B**, NREM. **C**, REM. **D--F**, Quantification of delta (0--4 Hz), theta (4--8 Hz), and gamma (30-60Hz) bandwidths of power spectra across the three vigilance states. **D, Wake epochs**. [Left panel:]{.ul} For delta power, there was a significant overall interaction (drug x time of day within photoperiod, *F*(12, 232.82) = 2.05, *p* = 0.021) with a main effect of drug treatment (*F*(2, 61.15) = 12.80, *p* \< 0.001). 5.0 mg/kg AM281 significantly increased delta power during wake epochs across most of the experiment (ZT 12--21 & 00--09; *t*(144.52) ≥ 2.71, *p* ≤ 0.015). [Middle panel:]{.ul} For wake theta power, there was a nested interaction (time of day within photoperiod, *F*(6, 237.52) = 3.78, *p* = 0.001) with a main effect of drug treatment (*F*(2, 72.91) = 7.53, *p* \< 0.001). Theta power was increased at one time point during the dark photoperiod (ZT 15--18: *t*(159.69) = 2.18, *p* = 0.049) and the first half of the light photoperiod (ZT 00--06: *t*(159.69) ≥ 2.87, *p* ≤ 0.009). [Right panel:]{.ul} There was no effect of treatment on power in the gamma bandwidth. **E, NREM epochs**. [Left panel:]{.ul} For NREM delta power, there was a significant overall interaction (drug x time of day within photoperiod, *F*(12, 243.32) = 2.77, *p* = 0.002), a secondary interaction (drug x photoperiod, *F*(2, 248.67) = 6.84, *p* = 0.001), a nested interaction (time of day within photoperiod, *F*(6, 232.06) = 30.63, *p* \< 0.001), and main effects of both drug treatment (*F*(2, 104.70) = 35.00, *p* \< 0.001) and photoperiod (*F*(1, 156.74) = 45.51, *p* \< 0.001). Specifically, high dose AM281 increased NREM delta power across most time bins (ZT 12--21: *t*(195.82) ≥ 2.89, *p* ≤ 0.009). [Middle panel:]{.ul} For NREM theta power, there was a significant overall interaction (drug x time of day within photoperiod, *F*(12, 247.79) = 2.40, *p* = 0.006), a nested interaction (time of day within photoperiod, *F*(6, 238.8) = 11.47, *p* \< 0.001), and main effects of both photoperiod (*F*(1, 187.29) = 58.41, *p* \< 0.001) and treatment (*F*(2, 189.81) = 19.12, *p* \< 0.001). Pair-wise comparisons found that high dose AM281 increased NREM theta power across much of the day starting 3 Hr after drug administration (ZT 15--21: *t*(250.10) ≥ 2.32, *p* ≤ 0.042). [Right panel:]{.ul} For NREM gamma, there was an overall interaction (*F*(12, 248.00) = 5.11, *p* \< 0.001), a nested interaction (time of day within photoperiod, *F*(6,241.11) = 10.37, *p* \< 0.001), and a main effect of photoperiod (*F*(1, 198.44) = 83.52, *p* \< 0.001). Following AM281 administration, NREM gamma power was increased at only one time point during the dark photoperiod (ZT 06--09: *t*(255.10) = 2.60, *p* = 0.020). **F, REM epochs**. [Left panel:]{.ul} For REM delta power, there was a secondary interaction (drug x photoperiod, *F*(2, 167.31) = 7.24, *p* = 0.001), a nested interaction (time of day within photoperiod, *F*(6, 204.83) = 4.16, *p* = 0.001), and main effects of drug treatment (*F*(2, 61.28) = 14.18, *p* \< 0.001) and photoperiod (*F*(1, 195.42) = 38.71, *p* \< 0.001). Specifically, AM281 increased REM delta across all time points in the dark photoperiod (ZT12-00: *t*(172.89) = 3.20, *p* ≤ 0.003). [Middle panel:]{.ul} For REM theta power, there was an overall interaction (drug x time of day within photoperiod, *F*(12, 211.73) = 2.20, *p* = 0.013), a nested interaction (time of day within photoperiod, *F*(6, 208.14) = 2.52, *p* = 0.023), and a main effect of drug treatment (*F*(2, 79.84) = 9.51, *p* \< 0.001). There were several time points over the day when AM281 administration increased REM theta power (ZT 15--03: *t*(164.93) ≥ 2.42, *p* ≤ 0.033). [Right panel:]{.ul} There was no effect of AM281 treatment on REM gamma power. Symbols/Bars represent mean±SEM for 3 hr time bins (*N* = 12). Grey background in graphs shows dark photoperiod. Asterisks denote significant difference from vehicle baseline. All injections administered at onset of DP (ZT 12:00).
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###### Blockade of CB1 Does Not Alter Recovery of Sleep Following 6 Hr TSD.

To determine if sleep homeostatic mechanisms were altered by administration of the CB1 antagonist immediately following 6 Hr of acute TSD, we determined the sleep deficit incurred during TSD and computed the recovery from this deficit. **A,** First the cumulative NREM sleep time was calculated for each subject in both groups over sequential 3 Hr bins across three phases of the experiment: baseline vehicle administration, sleep deprivation, and the recovery day immediately following sleep deprivation. **B**, Second, each subject's baseline cumulative sleep was subtracted from each of these three curves. The baseline day is only shown here to demonstrate this normalization. **C**, The sleep debt incurred by each animal after sleep deprivation was taken as the last bin of the baseline normalized cumulative sleep on the deprivation day. This value was separately calculated for each subject and was subtracted from each point of the baseline normalized cumulative sleep plot for the recovery day (open symbols panel **B**). This yielded the two curves depicted in panel **C** for the recovery from sleep debt incurred during TSD. A two-way repeated measures ANOVA was performed on the NREM recovery data shown in panel **C** with treatment group as a between-groups factor and time of day as a within-subjects repeated measure. There was a significant main effect of time of day (*F*(7, 126) = 51.62, *p* \< 0.001), but there was neither an interaction (*F*(7, 126) = 1.35, *p* = 0.23) nor a main effect of treatment (*F*(1, 18) = 0.75, *p* = 0.40), suggesting that both groups recovered similarly from TSD. In panels **A** and **B**, the red arrows denote the two time bins when the sleep deprivation device was activated. There was generally lower overall sleep for most of sleep deprivation day in both groups, even prior to activation of the rotor. However, this is not surprising given that the subjects had just been placed into the deprivation chambers and were likely habituating to the new environment. Symbols/Bars represent mean±SEM for 3 Hr time bins. Grey background in graphs shows dark photoperiod. Injections were delivered on baseline and recovery days half-way through the LP (ZT 06:00). On the baseline day, both groups received a vehicle injection. On the recovery day, the vehicle group (*N* = 11) received another vehicle injection, while the AM281 group (*N* = 9) received a 5.0 mg/kg injection of AM281.
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###### Treatment with AM281 Results in a Late Rebound in REM.

**A**, Diagram of experimental protocol repeated here for clarity with different color coding to indicate measures reflect REM sleep parameters. **B**, Overall fluctuation in REM sleep throughout the entire experiment. Downward facing arrows denote times at which injections were given. The red horizontal line indicates the time at which the sleep deprivation chambers were activated. **C**, Comparisons within and between treatment groups across the first baseline and recovery days. Top Graph: Percent time in REM sleep. There was a significant overall interaction (treatment group x time of day within photoperiod within experimental phase, *F*(24, 270) = 7.01, *p* \< 0.001), a secondary interaction (treatment group x photoperiod within experimental phase, *F*(3, 270) = 3.56, *p* = 0.015), a tertiary interaction (treatment group x experimental phase, *F*(1, 270) = 6.71, *p* = 0.010), and a main effect of photoperiod (*F*(1, 270) = 32.26, *p* \< 0.001). For the vehicle group, there was significantly less REM sleep overall on the recovery day compared to baseline (*t*(270) = -2.64, *p* = 0.009), but there was not an overall difference between groups for the amount of REM on either the baseline or recovery days. However, the AM281 group had significantly more REM sleep than vehicle treated mice towards the end of the recovery day (ZT 21--06: *t*(98.63) ≥ 2.01, *p* ≤ 0.047). Compared to their baseline sleep, both vehicle and AM281 treated mice had significantly less REM during the first 3 Hr of the recording (ZT 06--09: *t*(270) ≤ -3.13, *p* ≤ 0.002), but the AM281 group went on to exhibit a REM rebound late in the recording (ZT 21--06: *t*(270) ≥ 2.12, *p* ≤ 0.035), while the vehicle group continued to have less REM than their baseline (ZT 00--03: *t*(270) = -2.51, *p* = 0.013). Middle Graph: REM bout duration. There was no effect of either sleep deprivation or AM281 treatment on REM bout duration in this experiment. This is possibly because the estimates of REM bout duration were taken from a small number of REM bouts for each subject following sleep deprivation. Bottom graph: For the number of REM bouts, there was an overall interaction (treatment group x time of day within photoperiod within experimental phase, *F*(24, 270) = 6.78, *p* \< 0.001), a secondary interaction (treatment group x photoperiod within experimental phase, *F*(3, 270) = 9.94, *p* \< 0.001), a tertiary interaction (treatment group x experimental phase, *F*(1, 270) = 4.20, *p* = 0.041), and a main effect of photoperiod (*F*(1, 270) = 11.22, *p* = 0.001). However, the AM281 group had fewer REM bouts than vehicle group during the DP on the baseline day (*t*(40.83) = -2.86, *p* = 0.007). Specifically, on the baseline day the AM281 group had fewer REM bouts than the vehicle group, during the first 9 Hr of the DP (ZT12-21: *t*(160.70) = -2.34, *p* = 0.020) and significantly more REM bouts during the first 3 Hr of the subsequent LP (ZT00-03, *t*(160.70) = 2.21, *p* = 0.029). Consequently, the accentuated baseline circadian fluctuation in REM in the AM281 group should be taken into account when interpreting between-group differences during recovery. Relative to their own baselines, both groups had a reduction in REM bouts during the first 3 Hr of the recovery (ZT06-09: *t*(270) ≤ -2.29, *p* = 0.023). For the vehicle group, this reduction in the number of REM bouts continued into the DP (ZT18-21: *t*(270) = -4.07, *p* \< 0.001), while for the AM281 group, the number of REM bouts increased above baseline levels late in the recovery (ZT00-06: *t*(270) ≥ 3.14, *p* ≤ 0.002). Late in the recovery day, the AM281 group had significantly more REM bouts compared to vehicle treated mice at the same time points where the AM281 group had more REM bouts than its own baseline (ZT00-06: *t*(270) ≥ 4.03, *p* \< 0.001). Additionally, considering there were baseline differences between groups at only one of these time points (ZT00-03), it is likely that this late augmentation in the number of REM bouts reflects a real phenomenon and is not a reflection of a pre-existing group difference. Nevertheless, obtaining a measure where baseline differences do not exist between groups would provide more confidence that another, uncontrolled factor is not involved in this process. Green symbols/lines show AM281 group (*N* = 9) while the vehicle group (*N* = 11) is depicted in black. Downward facing arrows (↓) indicate time of drug administration. Asterisks (\*) denote significant pair-wise comparisons within-groups between drug conditions and measures obtained during vehicle baseline. Daggers (**†**) denote significant pair-wise comparisons between groups on the recovery day. Pound symbols (\#) denote significant pair-wise comparisons between groups on the baseline day. The legend on the bottom right corresponds to panel **C**. In **B** & **C**, Grey shaded regions indicate the DP, and symbols/bars represent means±SEM across all subjects for each 3 Hr time bin
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###### Blockade of CB1 During Recovery from TSD Significantly Augments Low Frequency Power Spectral Features, Confounding Attempts to Use These as Indices of Sleep Homeostatic Drive.

**A,** Diagram of experimental protocol for sleep deprivation. **B,** Wake theta power during sleep deprivation. Horizontal red bar indicates sleep deprivation session during first 6 Hr of the LP. **C, Wake epochs.** [*Left panel*:]{.ul} For wake delta, there was an overall interaction (treatment group x time of day within photoperiod within experimental phase, *F*(12, 259.47) = 12.27, *p* \< 0.001) and a secondary interaction (treatment group x experimental phase, *F*(1, 192.08) = 16.66, *p* \< 0.001). For the first 6 Hr following TSD, wake delta was increased by AM281 administration relative to delta power measurements in the vehicle group (ZT06-12: *t*(35.02) ≥ 3.20, *p* ≤ 0.003). Additionally, within-group comparisons found that AM281 elevated wake delta across the first 12 Hr of recovery from TSD (ZT06-18: *t*(255.42) ≥ 2.09, *p* ≤ 0.038). In contrast, wake delta power was reduced in the vehicle treated group but only during the last 3 Hr of the recovery (ZT03-06: *t*(255.42) = -2.04, *p* = 0.042). [*Middle panel*:]{.ul} For wake theta, there was an overall interaction (treatment group x time of day within photoperiod within experimental phase, *F*(12, 259.47) = 12.27, *p* \< 0.001) and a secondary interaction (treatment group x experimental phase, *F*(1, 185.67) = 6.26, *p* = 0.013). There were no pair-wise differences between groups during baseline or recovery. However, treatment with AM281 increased wake theta relative to baseline during the first 12 Hr of recovery (ZT06-18: *t*(252.32) ≥ 2.18, *p* ≤ 0.030). For the vehicle group, there were no pair-wise differences in wake theta between baseline and recovery. [*Right panel*:]{.ul} For wake gamma, there was a nested interaction (time of day within photoperiod within experimental phase, *F*(12, 255.50) = 13.77, *p* \< 0.001) and a main effect of experimental phase (*F*(1, 139.37) = 9.85, *p* = 0.002). Across treatment groups, there was an overall reduction of wake gamma power during recovery from TSD relative to baseline (*t*(139.37) = -3.14, *p* = 0.002). **D, NREM epochs.** [*Left panel*:]{.ul} For NREM delta, there was an overall interaction (treatment group x time of day within photoperiod within experimental phase, *F*(12, 255.42) = 8.84, *p* \< 0.001), secondary interaction (treatment x experimental phase, *F*(1, 156.93) = 25.84, *p* \< 0.001), and a main effect of experimental phase (*F*(1, 156.93) = 6.37, *p* = 0.013). Relative to the vehicle group, AM281 administration during recovery from TSD increased NREM delta power across the first 15 Hr of the recording (ZT06-21: *t*(38.44) ≥ 2.60, *p* ≤ 0.013). Within-groups comparisons between recovery and baseline found increased NREM delta power following AM281 administration after TSD across the majority of the recording (ZT06-00: *t*(233.13) ≥ 2.18, *p* ≤ 0.030). For the vehicle group, NREM delta during recovery was reduced relative to baseline measures during the first 9 Hr of the DP (ZT12-21: *t*(233.13) ≤ -2.27, *p* ≤ 0.024). [*Middle panel*:]{.ul} For NREM theta power, there was an overall interaction (treatment group x time of day within photoperiod within experimental phase, *F*(12, 263.39) = 5.07, *p* \< 0.001) and a secondary interaction (treatment group x experimental phase, *F*(1, 238.82) = 18.25, *p* \< 0.001). Between groups comparisons on the recovery day found increased theta power in the AM281-treated group (ZT06-21: *t*(29.42) ≥ 3.04, *p* ≤ 0.005), but there were no differences between groups during baseline. Within groups comparisons found elevated NREM theta in the AM281 group during recovery relative to baseline (ZT06-21: *t*(277.23) ≥ 2.84, *p* ≤ 0.005). In contrast, NREM theta was reduced at several time points during recovery in the vehicle-treated group (ZT09-21: *t*(277.23) ≤ -2.01, *p* ≤ 0.045). [*Right panel*:]{.ul} For NREM gamma power, there was an overall interaction (treatment group x time of day within photoperiod within experimental phase, *F*(12, 264.25) = 2.73, *p* \< 0.002). There were no pair-wise differences between groups during baseline or recovery. However, for the AM281 group, NREM gamma was increased relative to baseline for the first 6 Hr of the DP (ZT12-18: *t*(281.46) ≥ 2.44, *p* ≤ 0.015). **E, REM Epochs.** [*Left panel*]{.ul}: For REM delta power, there was a secondary interaction between treatment group and experimental phase (*F*(1, 85.32) = 6.01, *p* = 0.016). There were no differences between groups during either baseline or recovery phases of the experiments. However, for the AM281 group, there was an overall increase in REM delta during recovery relative to baseline (*t*(86.08) = 2.80, *p* = 0.006). There was no difference between baseline and recovery for the vehicle treated group. [*Middle panel*]{.ul}: For REM theta power, there was an overall interaction (treatment group x time of day within photoperiod within experimental phase, *F*(12, 216.66) = 1.83, *p* = 0.045) with main effects of treatment group (*F*(1, 28.36) = 18.34, *p* \< 0.001) and experimental phase (*F*(1, 59.83) = 4.26, *p* = 0.043). There were no differences between treatment groups during baseline, but REM theta was elevated at all time points of the recovery day relative to the vehicle group (ZT 06--06: *t*(106.40) ≥ 1.99, *p* ≤ 0.049). Within-groups comparisons between recovery and baseline found increased REM theta during the first 9 Hr of recovery in the AM281 group (ZT 06--15: *t*(170.25) ≥ 2.31, *p* ≤ 0.022). There were no differences in REM theta between recovery and baseline recordings for the vehicle treated group. [*Right panel*:]{.ul} There was no effect of TSD or AM281 treatment on REM gamma power. For B-D: Grey shaded regions denote dark photoperiod. Open symbols with dotted lines indicate data from the recovery day 1 while closed symbols with solid lines represent data from the baseline day 1. Asterisks (\*) denote significant pair-wise comparisons within-groups between drug conditions and measures obtained during vehicle baseline. Daggers (**†**) denote significant pair-wise comparisons between groups on the recovery day. Symbols/bars represent means±SEM across all subjects for each 3 Hr time bin. For AM281 group *N* = 9, and for the vehicle group *N* = 11.
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